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3Abstract
Memristor, defined as a two-terminal device which exhibits a pinched hysteresis loop in the
current-voltage characteristics, is a main component of the resistive random access memory.
Both memristor and memristive phenomena, known also as resistive switching (RS), have
been thoroughly investigated in the past nearly two decades.
This dissertation investigates YMnO3 thin films and explores a new concept concerning
utilization of multiferroic properties for activation and/or enhancement of RS. It is hypothe-
sized that the charged domain walls and/or vortex cores in YMnO3 thin films can act as
an effective nanoscale features which support formation of the conductive filaments and, in
consequence, enable development of an electroforming-free memristive structure.
Results of the electrical characterization of YMnO3-based metal-insulator-metal struc-
tures indicate that hexagonal YMnO3 films deposited on metal-coated oxide substrate exhibit
electroforming-free unipolar resistive switching (URS) while orthorhombic YMnO3 films
grown on the doped oxide substrate show bipolar resistive switching (BRS). Observed URS
is assigned to the formation and rupture of conductive, metallic-like filaments induced by the
thermo-chemical phenomena. Results of polarity-dependent studies reveal that formation of
conductive filaments proceeds in the electrostatic discharge event which is followed by their
irreversible rupture during the reset process. Main properties of the observed URS include
very good retention of programmed states, large memory window (between 103 and 105),
high voltage and current required for set and reset, respectively, and low endurance. BRS
is attributed to the complementary electronic and ionic processes within the p-n junction
formed at the interface between p-YMnO3 and n-type oxide substrate. Results of ferro-
electric characterization reveal that resistively switching YMnO3 films do not exhibit ferro-
electric properties. Therefore, observed RS in YMnO3-based structures can not be directly
related to the presence of charged domain walls and/or multiferroic vortex cores. Prospective
functionality extension of YMnO3-based memristive devices is developed and presented on
the example of photodetecting properties of metal-YMnO3-insulator-semiconductor stacks.
Studies conducted within the framework of this doctoral dissertation investigate the re-
sistive switching behaviour of YMnO3-based junctions. Obtained results contribute to the
better understanding of the resistive switching and failure mechanisms in ternary oxides, and
provide hints toward device engineering.
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5Kurzfassung
Der Memristor ist definiert als eine Zweipol-Vorrichtung, die eine hysteretische Strom-
Spannungs-Charakteristik aufweist. Memristoren sind nichtflüchtige Widerstandsspeicher,
deren elektrischer Widerstand mittels elektrischer Spannungspulse verändert werden kann.
Sowohl Memristoren als auch memristive Widerstandsschalter (RS) werden seit mehr als
zwei Jahrzehnten intensiv untersucht. Diese Dissertation untersucht YMnO3-Dünnschichten
mit zirkularen Vorderseiten-Elektroden und unstrukturierten Rückseiten-Elektroden und er-
forscht ein neues Konzept über die Nutzung der multiferroischen Eigenschaften für die Ak-
tivierung und/oder Verbesserung des memristiven Verhaltens. Es wird angenommen, dass
die geladenen Domänenwände und/oder Vortices in YMnO3-Dünnschichten die Bildung
leitfähiger Filamente wirksam unterstützt und folglich die Entwicklung eines neuartigen,
formierungs-freiem Widerstandsspeichersermöglicht.
Die Ergebnisse der elektrischen Charakterisierung von YMnO3-basierten Widerstandss-
chalter zeigen unipolares RS (URS), wenn eine metallische Rückseitenelektrode verwen-
det wird und bipolares RS (BRS), wenn als Rückseitenelektrode ein metallisch leitendes
Oxid-Substrat verwendet werden. Das URS wird als thermochemisches RS klassifiziert
und mit der Bildung und Auflösung metallisch leitender Filamente korreliert. Das BRS
wird auf das Einfangen/Freigeben von Defekten in der Raumladungszone des YMnO3 im
pn-Übergang von p-YMnO3/n-Nb:SrTiO3-Strukturen zurückgeführt. Die wichtigsten Eigen-
schaften des formierungsfreien URS sind die sehr gute Retention der programmiertenWider-
standszustände, große Speicherfenster (zwischen 103 und 105), die hohe Schreibspannung
für den Set-Prozess und der hohe Schreibstrom für den Reset-Prozess. Die Endurance ist auf-
grund der Degradation des Vorderseiten-Elektrode gering. Die Ergebnisse des polaritätsab-
hängigen Widerstandsschaltens zeigen, dass der Set-Prozess mit elektrostatischer Entladung
einhergeht. Die ferroelektrische Charakterisierung zeigt, dass die YMnO3–Dünnfilme keine
ferroelektrischen Eigenschaften aufweisen. Daher kann das beobachtete URS nicht direkt
auf die Anwesenheit von geladenen Domänenwände und Vortices zurückgeführt werden.
Darüberhinaus wurden die photodetektierenden Eigenschaften von Metall-YMnO3-Isulator-
Halbleiter-Stacks als potenzielle Erweiterung der Funktionalität von YMnO3-basierten mem-
ristiven Bauelementen vorgestellt und vorgeschlagen.
Im Rahmen der vorliegenden Dissertation wurde das Widerstandsschalten von multifer-
roischen, YMnO3-basierten Widerstandsschaltern untersucht. Die erhaltenen Ergebnisse
tragen zu einem besseren Verständnis des Widerstandsschaltens von multiferroischen Ma-
terialien bei.
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Nomenclature
Latin letters
A Area m2
dTE Diameter of top electrode µm
dRBS Areal density atomscm2
C Capacitance F
CC Compliance current A
EA Activation energy eV
EC Coercive field Vm
Eset(reset) Electric field of set (reset) process kVcm
I Current A
Iset(reset) Current of set (reset) process A
J Current density A
m2
V Voltage V
q Charge C
φ Flux-linkage -
pO2 Oxygen partial pressure mbar
Pr Remanent polarization
µC
cm2
Pset(reset) Power of set (reset) process W
R Resistance Ω
R0 Resistance of as-prepared junction Ω
RHRS(OFF) Resistance in high resistance (OFF) state Ω
RLRS(ON) Resistance in low resistance (ON) state Ω
s slope of the linear fit to experimental data -
t Time s
T Temperature °C
TC Curie temperature °C
TN Néel temperature °C
TS Substrate temperature °C
VR Read-out voltage V
Vreset Reset voltage V
Vset Set voltage V
VTFL Voltage of transition into trap-free current V
VW Write voltage V
Greek letters
α Temperature coefficient °C-1
σ Electrical conductivity S
m
λ Wavelength nm
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Abbreviations
AC Alternating current
AES Auger Electron Microscopy
AFM Atomic force microscopy
BE Bottom electrode
BRS Bipolar resistive switching
CCW Counter-clockwise
cDW Charged domain wall
CMOS Complementary metal-oxide-semiconductor
cs-AFM Current sensing atomic force microscopy
CTEM Conventional transmission electron microscopy
CW Clockwise
DC Direct current
DRAM Dynamic random access memory
DW Domain wall
EF Electroforming
ESD Electrostatic discharge event
FN Fowler-Nordheim tunneling
FPGA Field programmable gate array
HH head-to-head
HRS High resistance state
ICCD International Centre for Diffraction Data
IEEE Institute of Electrical and Electronics Engineers
LRS Low resistance state
MFIS Metal-ferroelectric-insulator-semiconductor
MIM Metal-insulator-metal
MIS Metal-insulator-semiconductor
NbSTO 0.5 wt.% Nb-doped (100)-SrTiO3
NVM Nonvolatile memory
PA 100 nm Pt/(0001)-Al2O3
PDF Powder diffraction file
PF Poole-Frenkel emission
PFM Piezoresponse force microscopy
PLD Pulsed laser deposition
PTS 200 nm Pt/50 nm Ti/500 nm SiO2/p-Si
ReRAM Resistive random access memory
RBS Rutherford backscattering spectrometry
RE Rare earth element
RMS Root mean square
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RS Resistive switching
SCE Stored-charge effect
SCL Space-charge limited current
SEM Scanning electron microscopy
STEM Scanning transmission electron microscopy
TE Top electrode
TEM Transmission electron microscopy
TFL Trap-filled limit (condition)
TT tail-to-tail
URS Unipolar resistive switching
VEPAS Variable energy positron annihilation spectroscopy
VASE Variable angle spectral ellipsometry
(GI)XRD (Grazing incidence) X-ray diffraction
YMO YMnO3
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1 Introduction
“Necessity is the mother of invention”
English proverb
At the time of writing this doctoral dissertation, 45 years after postulating the existence of
the fourth basic circuit element called memristor [1], several companies offer stand-alone
memristors and memristor-based resistive random access memory (ReRAM) for a commer-
cial sale and/or as a test products. These companies include well-known brands such as
Panasonic [2] and Adesto [3] and new, start-up businesses such as Crossbar Inc. [4] and Bio
Inspired Technology [5]. In January 2015, Rambus Inc. and Tezzaron Semiconductor estab-
lished a cooperation covering incorporation of ReRAM technology developed by Rambus
Inc. in the forthcoming Tezzaron products [6]. At the 2015 Symposium on VLSI Technol-
ogy, Panasonic and Imec presented TaOx-based ReRAM with the exact filament positioning
for 28-nm embedded applications [7].
Currently available memristor-based products remain an alternative market targeting mostly
researchers. Although at the moment memristor-based technology can not compete with
Flash or DRAM memory technologies due to the higher price and the reliability issues, it is
believed that memristors can establish a new world of micro- and nanoelectronics. Develop-
ment of nonvolatile memory (NVM), including ReRAM, has been listed by IEEE Computer
Society amongst the top 9 technology trends for 2016 [8].
Memristor remained unexplored until the work of Hewlett-Packard researchers published
in 2008 in journal Nature [9]. In this work, resistive switching which had been observed in
nanoscale structures was linked with the theory of memristive systems. Ever since then, re-
sistive switching and memristive phenomena have been a widely investigated and discussed
topic by scientific and industrial community. “Finding missing memristor”, as it was named
in the mentionedNature publication [9], coincided with widely emphasized fear of approach-
ing limits in the scalability of semiconductor devices (including both, the technological limits
of lithography and the physical limits of transistors). Perspective of collapse of Moore’s Law,
which predicts doubling in the number of components, e.g. transistors, per integrated circuit
approximately every 2 years [10], resulted in proclamation of the need of new emerging
memory technologies. This certainly fuelled the research in the field of memristive/resistive
switching - based memories. In addition to nonvolatile memory, memristors are used in dig-
ital logic, neural networks, and in the development of an artificial intelligence. Wide range
of prospective applications along with the advancement in nanosciences and ever-increasing
demand of device minimization, increased functionality and low power consumption is a
driving force for the research on memristors which will not let them be forgotten. Perhaps,
memristor has created something more than the alternative for Flash or DRAM technologies.
Perhaps, it has also sensitized and opened minds of researchers to the opportunities created
by often unexplored properties of materials revealed at the nanoscale.
18 1 Introduction
1.1 Motivation, objectives, and outline of the present
thesis
In order to become widespread and accepted both by the industry and consumer market,
memristor-based technologies, including ReRAM, require further development and opti-
mization. Novel functionalities of memristors as well as innovative memristor-based devices
are awaiting to be discovered. This work explores a new concept concerning utilization
of multiferroic properties for inducement and/or enhancement of memristive behaviour in
YMnO3. Obtained results and their in-depth analyses contribute to the better understand-
ing of resistive switching mechanisms and provide hints toward device engineering so the
industrial requirements can be attained.
The aim of this doctoral dissertation is to investigate the resistive switching behaviour of
multiferroic YMnO3. The research conducted within this study attempted to answer follow-
ing questions:
• Does hexagonal YMnO3 exhibit resistive switching? If yes - is it related to the presence
of charged and/or neutral domain walls and/or vortex cores?
YMnO3 similar like BiFeO3, belongs to the group of multiferroic ternary oxides. BiFeO3
is a well-established bipolar resistive switch with flexible barrier heights [11][12] which
has been successfully adopted also for novel applications like artificial synaptic be-
haviour [13], reconfigurable logics [12] or data encryption [14]. In case of BiFeO3
studies correlating superior resistive switching and multiferroic properties have not
been reported so far. YMnO3, unlike BiFeO3, represents the group of hexagonal, rare
earth manganites [15][16][17] which are well-known due to the presence of stable
charged domain walls [18][19][20]. Hypothetically, charged domain walls could act
as a nucleation paths for conductive filaments and contribute to the development of
electroforming-free resistive switching structures. Research conducted within this doc-
toral dissertation undertakes a task of verifying if YMnO3 exhibits resistive switching
behaviour and if yes, if it is related to its multiferroic properties. Materials and methods
used in the presented studies are described in Chapter 3. Results concerning resistive
switching behaviour of YMnO3-based junctions and its characteristics are presented
in Chapter 4. Structures based on hexagonal, polycrystalline and on nanocrystalline,
orthorhombic YMnO3 thin films reveal unipolar and bipolar resistive switching, re-
spectively. The next part of the study focuses on the mechanisms of unipolar resistive
switching in hexagonal YMnO3 thin films.
• What is the mechanism of resistive switching revealed by hexagonal YMnO3-based
memristors?
Since the beginning of year 2000, tremendous progress in understanding of physical
phenomena standing behind memristive behaviour has been achieved. It is generally
accepted that the material defects are the main factor driving the memristive behaviour.
Therefore, problem of their control and engineering has to be considered. Despite
many proposed mechanisms, the exact mechanism of resistive switching, although fol-
lowing one (or more) of the well accepted models, seems to be unique for a given
material system. The remaining, unexplored questions concerning resistive switching
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phenomena still absorb scientists and answers to them are of high importance to the
industrial and scientific communities.
Study on origin of observed unipolar resistive switching in YMnO3 presented in Chap-
ter 5 is divided into two parts. The first one covers the in-depth material and point de-
fects characterization of as-grown films. The second part focuses on polarity-dependent
phenomena which assists the unipolar resistive switching. Results gained in both parts
enable defining consistent and reliable mechanism of the unipolar resistive switching
in YMnO3-based junctions.
• How to material-engineer YMnO3 thin films in order to enhance resistive switching?
How to design YMnO3-based junctions in order to comply with the requirements of
CMOS technology?
Understanding of origin and mechanisms which govern unipolar resistive switching
in YMnO3 allows to define the material properties which enhance it. Bipolar resistive
switching revealed by orthorhombic YMnO3/Nb:SrTiO3 pn-heterojunctions presented
in Chapter 4 is a promising phenomenon which requires further investigation. Based
on the results on unipolar and bipolar resistive switching obtained within the frame-
work of this doctoral dissertation, issues concerning material engineering and possible
modifications/engineering of the YMnO3-based single resistively switching cells are
formulated. Furthermore, development of an additional functionality of YMnO3-based
structures is presented in Chapter 6 on the example of photodetecting properties of
amorphous-YMnO3/SiNx/p-Si structures.
Summary of this doctoral dissertation and outlook for the future work is given in Chapter 7.
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2 Theoretical background
2.1 Memristor and memristive systems
Existence of “memristor”, the fourth, two-terminal basic circuit element was postulated in
1971 by Prof. L. Chua, at that time a Senior Member of the Institute of Electrical and Elec-
tronics Engineers (IEEE) [1]. Logical and axiomatic considerations on a possible relations
between the four fundamental circuit variables: current I , voltage V , charge q, and flux-
linkage φ led him to the conclusion that apart of resistor, capacitor, and inductor (i.e. three
two-terminal basic electrical circuit elements known at the time), for the sake of circuit sym-
metry completeness, there should be another element characterized by a φ-q relation. This
element was called memristor, because, as claimed by its founder, it behaved like a nonlinear
resistor with memory [1].
2.1.1 Theory
From the definition, memristor is a two-terminal circuit element characterized by a consti-
tutive relation between two variables: q and φ which represent the time integral of current
flowing through the memristor (I(t)) and the time integral of the voltage across its terminals
(V (t)) [21]. In addition, as recently specified, any two-terminal device is a memristor if, and
only if, it exhibits a pinched hysteresis loop for all bipolar periodic input current (voltage)
signals which result in a periodic voltage (current) response of the same frequency, in the
voltage-current plane [22].
Few years after introduction, concept of memristor was generalized and extended to a new
class of nonlinear dynamical systems called memristive systems which are defined by Eqs.
2.1 and 2.2 [23][24]:
x˙ = f(x, u, t), (2.1)
y(t) = g(x, u, t)u(t), (2.2)
where u, y and x correspond to the input, output and state of the system [23]. Generally,
if x denotes a set of n state variables describing the internal state of the system, u(t) and
y(t) are any two complementary constitutive variables (i.e. current, voltage, charge or flux-
linkage) which are the input and output of the system, and g is generalized response, one can
define a general class of nth-order u-controlled memory devices as those described by Eqs.
2.1 and 2.2. In Eqs. 2.1 and 2.2 “f” represents a continuous n-dimensional vector function
and, based on physical ground, it is assumed that Eq. 2.1 admits an unique solution for given
initial state u(t = t0) at time t0 [25]. State variables represent internal physical parameters of
the system, such as temperature, pressure, impurity concentration etc. and may not depend
on any external variables such as the voltage or current associated with another device [26].
The family of memristive systems, or, more precisely, “mem-elements”, includes memris-
tors, memcapacitors and meminductors which are defined by Eqs. 2.3-2.15 summarized
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below. Fig.2.1 presents the schematic classification of circuit elements including mem-
elements and relations between them. Properties of mem-elements depend on the state and
history of the system and are characterized by pinched hysteretic loop in the two constitu-
tive variables that define them: current–voltage for the memristor, charge–voltage for the
memcapacitor and current–flux-linkage for the meminductor [25].
Fig. 2.1: Schematic classification of circuit elements including the resistor, capacitor and inductor known as
the three basic passive circuit elements until the 1970’s when the existence of the new class of mem-elements
(memristor, memcapacitor and meminductor) was postulated. Based on [27].
Memristor
Based on Eqs. 2.1 and 2.2, the nth-order current-controlled memristive system is described
as follows [25]:
x˙ = f(x, I, t), (2.3)
V (t) = RM(x, I, t)I(t), (2.4)
where x, V (t) and I(t) correspond to vector representing n internal state variables, voltage
and current across the device, respectively. RM is a scalar called memristance (standing for
memory resistance) expressed in the physical units of ohm [Ω]. When RM depends only on
the charge, memristor is charge-controlled and can be described by Eq. 2.5 [25]:
V = RM(q(t))I, (2.5)
with the charge related to the current by time derivative I = dq/dt. In a similar manner,
nth-order voltage-controlled memristive system is defined by Eqs. 2.6 and 2.7 as follows:
x˙ = f(x, V, t), (2.6)
I(t) = GM(x, V, t)V (t), (2.7)
where GM denotes memductance (standing for memory conductance) expressed in the
units of Siemens [S] [25].
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Memcapacitor
Analogous to the case of memristor, definition of nth-order voltage-controlled and nth-order
charge-controlled memcapacitive system is represented by Eqs. 2.8, 2.9 and Eqs. 2.10, 2.11,
respectively:
x˙ = f(x, V, t), (2.8)
q(t) = CM(x, V, t)V (t), (2.9)
x˙ = f(x, q, t), (2.10)
q(t) = C−1M (x, q, t)q(t), (2.11)
where q(t), V (t), CM and C−1M represent the charge on the capacitor at time t, corre-
sponding voltage, memcapacitance (standing for memory capacitance) and its inverse, re-
spectively. The SI unit of memcapacitance is farad [F].
Meminductor
Definition of nth-order current-controlled and nth-order flux-controlled meminductive sys-
tem is presented by Eqs. 2.12, 2.13 and Eqs. 2.14, 2.15, respectively:
x˙ = f(x, I, t), (2.12)
φ(t) = LM(x, I, t)I(t), (2.13)
x˙ = f(x, φ, t), (2.14)
I(t) = L−1M (x, φ, t)φ(t), (2.15)
where LM and L−1M is the meminductance (what stands for memory inductance) expressed
in the units of henry [H] and it’s inverse, respectively. φ represents the flux-linkage as defined
by Eq. 2.16:
φ(t) =
∫ t
−∞
V (t)dt, (2.16)
where V (t) is the induced voltage on the inductor (equal to minus the electromotive force)
[25].
Memristors, memcapacitors and meminductors are considered to exist commonly at the
nanoscale, where dynamic properties of electrons and ions are likely to depend on the history
of the system, at least within certain time scales [25]. Properties of memristor, and later -
memristive systems were described in the pioneer works published in 1970’s [1][23]. Since
the publication in Nature authorship by scientists from Hewlett-Packard [9], there have been
many misunderstandings and misinterpretations regarding the theory of memristive systems.
An example of everlasting controversy around it is the recent work entitled “The missing
memristor has not been found” [28] which might be regarded as an adversarial work to
previously mentioned Nature publication with the title “The missing memristor found” [9].
In the former one, authors claim to clarify the misinterpreted concepts and maintain that the
originally hypothesized real memristor device is missing and likely impossible to exists [28].
The more detailed discussions regarding memristive systems can be found in publications co-
authorship by their inventor: physical properties are described in Ref. [24] whereas review
of properties from the rigorous circuit theory perspective is presented in Refs. [1][22][23]
and [26].
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2.1.2 Applications
One of the biggest advantages of memristors is a demonstrated broad spectrum of possible
applications. “Some novel applications” of memristor were proposed already by its inventor
in 1971 [1]. Nowadays, memristive systems can be defined as a circuit elements which store
information without the need of a power source. Therefore, they allow a low-power compu-
tation and storage. In addition, memristors have a great potential in neuromorphic devices
to simulate learning as well as adaptive and spontaneous behaviour [25]. It is believed that
memristive systems will contribute to the change in storage and computing paradigms. Three
main trends in applications of memristive systems are listed below.
• High density nonvolatile memory
The most straight-forward application and at the same time the one which has been widely
investigated and already brought to the market as a ReRAM, is a nonvolatile memory. Here,
as explained in the Introduction, the main roles play the demands of the industry and the rapid
advances in the information technology which both rely on a high speed and a large-capacity
nonvolatile memories. On-going research on resistive switching phenomena which was iden-
tified with the memristive behaviour in 2008 [9] has largely contributed to the progress in
the development of memristor-based nonvolatile memory.
The best scaling and high density storage prospects have crossbar memories which imple-
ment mutually perpendicular layers of parallel wires (electrodes) with an integrated thin-film
at the cross-points [29]. According to Crossbar’s patented 3D ReRAM technology, thou-
sands of ReRAM cells capable of storing multiple bits per cell which are inter-connected in
a cross-point arrays and stacked in a 3D manner might provide tera bytes of storage capacity
on a single die [4].
Reports concerning technological aspects and on-chip integration issues of memristor-based
nonvolatile memories (ReRAMs) are given for example in Refs.[30][31][32][33][34][35].
• Digital logic
Different resistance states of memristor might be interpreted as logic binary 1 and 0 which
correspond to the ON and OFF state of the single Boolean logic cell. Memristors are used as
reconfigurable switches in a Field Programmable Gate Array (FPGA) type logic [29][31] in
which the hybrid CMOS/memristor circuits improve the power and computing efficiency of
FPGAs [34]. The success of Teramac, a prototype computer where traditional von Neumann
architecture was replaced by conventional CMOS-based FPGAs [36] indicates a great poten-
tial of such application [37]. Another use of memristive systems in digital logic is material
implication logic, in which Boolean logic states are stored as a resistance states of the device
rather than the voltage levels as in conventional logic [12][34][38]. The result of logic opera-
tion of memristor-based material implication logic is stored as a nonvolatile resistance state.
This property, along with density advantages of memristive devices enables high bandwidth
computing [29].
• Artificial neural networks
Possible application of memristor in signal processing (delaying signals and generating var-
ious waveforms of practical interest) was pointed already by Chua in 1971 [1]. At present,
exploitation of memristors in artificial neural networks and for mixed signal processing is
well established. Memristors exhibit synaptic behaviour and ability of the simplest form of
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learning called habituation, i.e. decrease or cease in response to a iterative stimulus (reduc-
tion in innate behaviours) [26]. It was shown that adaptive behavior in anticipation of the
next stimulus of amoeba-like cell can be mapped into the response of a simple LC and mem-
ristor electronic circuit in which voltage pulses simulate the environmental changes [39].
Modulation of resistance depending on the history revealed by memrisitve system can be
used to mimic the synaptic connections in a brain. Similar to biological systems (biolog-
ical neural networks), memristors exhibit long-term potentiation and spike time-dependent
plasticity [40]. The traditional computer programming based on von Neumann architecture
could be replaced by neuromorphic hardware systems. The latter ones can potentially pro-
vide the capabilities of biological perception and cognitive information processing within a
compact and energy efficient platform [41]. Topical review on memristor-based neural net-
works might be found in Ref. [42], an examples of memristor crossbar-based neuromorphic
computing algorithms in Refs. [41][43], and report on the experimental implementation of
transistor free metal oxide memristor crossbars in a simple network in Ref. [44].
2.2 Resistive switching phenomena
Resistive switching (RS) phenomena is a reversible and nonvolatile change of resistance be-
tween at least two distinguishable states (values) in a given material due to applied electrical
stress [29]. RS have been observed in a great variety of materials including oxide insulators
and semiconductors, higher chalcogenides, ionic solids, and organics. The first reports on
RS are dated back to 1960’s [45][46][47]. After a long period of stagnation, in 1990’s the
interest in the concept of RS-based memories had been renewed what resulted in the steadily
increasing number of published works in this research field. In 2008, thanks to the already
mentioned Nature publication [9] which linked resistive switching with the theory of mem-
ristive systems, memristor and resistive switching phenomena started to be a world-wide
investigated topics by both scientists and industry.
As pointed out by the founder of memristive systems theory, “all two-terminal nonvolatile
memory devices based on resistive switching are memristors, regardless of the device mate-
rial and physical operating mechanisms; they all exhibit a distinctive "fingerprint" charac-
terized by a pinched hysteresis loop confined to the first and the third quadrants of the V-I
plane whose contour shape in general changes with both the amplitude and frequency of any
periodic input voltage source, or current source; in particular, the pinched hysteresis loop
shrinks and tends to a straight line as frequency increases” [21]. In order to avoid confu-
sion, in this dissertation, similar to generally accepted convention, term “resistive switch-
ing (phenomena)” is used interchangeably with “memristive switching (phenomena)”. Re-
sistive switching is a broad topic covering many physical, material-related and electrical
engineering-related problems. Comprehensive reviews regarding these questions might be
found, for example, in Refs. [31][32][34][37][48][49]. Here only essential issues relevant to
this dissertation are summarized.
2.2.1 Operational principle
A resistive switching cell consists of resistance switching material sandwiched between two
electron conductors as electrodes. Usually, an electroforming process is required in order
to activate/pre-define resistive switching [31]. The operational principle of ReRAM cell is
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based on nonvolatile write and read operations. By applying a specific write, i.e. program-
ming, voltage VW cell is set (reset, sometimes referred to as erase operation) from high to
low (low to high) resistance state into ON (OFF) state. Programmed state remains even after
removal of electric field (i.e. removing the power supply) and written data can be read out
by application of small voltage pulses called read-out voltage VR.
Depending on the polarity of bias required for set and reset process, RS cell can be oper-
ated in two different modes. In unipolar mode, both set and reset operations are independent
of the bias polarity whereas in bipolar mode these operations are bias polarity dependent.
Systems which exhibit both bipolar and unipolar switching depending on the operation con-
ditions are named nonpolar [49].
2.2.2 Classification of resistive switching devices
Resistive switching devices can be classified with respect to the switching phenomena, gov-
erning physical mechanism(s) and/or memristive material [34]. Classification with regard to
resistive switching phenomena divides RS cells into
(i) unipolar, bipolar, and nonpolar, as defined above, and/or into
(ii) filamentary and areal (interface-related) switching.
In case of the filamentary RS phenomena, a formation and rupture of single (or multi) con-
ductive path(s), so-called filament(s), within insulating matrix of switching medium is as-
sumed. In the areal switching, interface properties (e.g. height of Schottky barrier) are
modified so that the resistance of the RS cell is changed accordingly [48]. Usually filamen-
tary switching is associated with unipolar or bipolar mode, whereas interface modification is
linked with bipolar mode. It should be however kept in mind that filamentary and interface
resistive switching mechanisms are the theoretical, boundary (extreme) cases and in reality
both of them can be involved into microscopically observed change of resistance.
In general, a great variety of physical phenomena can induce change of resistance of
switching material, including ferroelectric tunneling, phase change, magnetoresistive, nanome-
chanical, or molecular switching effects, etc. [49]. The another class of RS phenomena
involves the chemical effects, i.e. effects related to redox processes triggered by temper-
ature and/or electrical voltage. Usually when discussing redox-related resistive switching
phenomena, following mechanisms are taken into account: thermochemical, valence change
and electrochemical metallization [49]. Details concerning each mechanism are broadly dis-
cussed in [31].
2.2.3 Role of defects in resistive switching
Material defects are the main factor responsible for the resistive switching phenomena [31]
[37][48][50]. RS has been mostly observed in the nanoscale structures where the impact of
material inhomogeneity and defects - whether the point or (micro) structural ones, becomes
more substantial as the size of the switching device is decreasing. Each material, regardless
if it is amorphous or crystalline, contains defects which are formed due to the free Gibbs
energy minimization principle [51]. Defects in the crystalline materials are divided into 0-
dimensional (point), 1-dimensional (line, e.g. dislocation) or 2-dimensional (surface, e.g.
crystal boundary) defects. Detailed considerations regarding formation of point defects as
well as their reactions in the binary oxide are given in Appendix B. For a general discussion
with respect to the RS phenomena, point defects can be categorized into (i) vacancies and
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(ii) interstitial and/or substitutional atoms of switching material and/or of dopants (including
impurities). In addition, these defects can be ionized and consequently induce local changes
within the electronic structure of their surrounding (e.g. induce the valence change of metal
cations). Under applied electric field, charged point defects diffuse more easy and migrate
towards respective electrode or energetically more favourable regions such as dislocations or
grain boundaries.
Although the crucial role of point defects in RS phenomena is well known, the more
detailed knowledge about the contribution of specific type of defect(s) is lacking and mecha-
nisms governing RS are still not well understood. The most readily recalled defects causing
the RS are oxygen vacancies (ions) which migrate in electric field and induce a local redox
reactions [52]. Due to electro-migration and alignment of point defects, conductive path is
formed and/or interface properties are modified. This, in turn, leads to the change of resis-
tance state.
It has been shown that also extended defects, e.g. dislocations, promote resistive switch-
ing, as reported for the case of single-crystalline SrTiO3 [50]. It has been suggested that
quasi-one dimensional structural defects induce the translational discontinuity which locally
modifies the stoichiometry and related electronic structure of the parent material. In addition,
extended defects can act as a so-called diffusion pipes which enhance the mass transport (e.g.
of dopants) along them, what could lead to the formation of a conducting nanowires in the
insulating bulk crystal [50]. Another example of extended defects are the grain boundaries.
The first principles calculations indicate that the formation energies of vacancies are lower at
the grain boundaries. Accumulation of oxygen vacancies and/or related defects can promote
formation of the conductive filaments [53].
Studies concerning impact of point defects and their distribution are usually indirect, i.e.
properties of non-stoichiometric oxides are compared with nominally stoichiometric ones
[54][55]. Results of such investigations broaden understanding of contribution of specific
defects into RS. However, it should be kept in mind that the conclusions of such studies are
based on certain assumptions and their explicit experimental verification remains a challeng-
ing issue. The latter one is related to the size of the investigated structures and features, i.e.
nanothin films and atomic-size defects. In addition, each experimental technique has got
technical limitations such as resolution and/or sensitivity, and there is a risk of altering the
material properties during sample preparation or even induced by the measurement.
2.2.4 Requirements for ReRAM
Current demands for nonvolatile memory (NVM) include high density, low cost, fast write
and read operations, low energy consumption and high performance with respect to the en-
durance (write cyclability) and retention. Si-based Flash memory devices used nowadays
are the most prominent NVM due to their high density and low fabrication costs. Drawbacks
of Flash technology includes low endurance, low write speed, and high voltages of write
operations. In addition, further scaling, i.e. continuation in increasing the density of Flash is
questioned [49].
Taking into account circuit requirements for high density NVM memories such as Flash,
the main requirements for ReRAM compatible with CMOS technology are listed as follows
[31]:
• write operation: voltage of VW should be in the range between few hundred mV and
few V with the length of writing pulse tW below 30 ns,
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• read operation: voltage of VR should be smaller than VW so that unintentional write
during read operation is avoided; preferable time of read pulse should be shorter than
tW ,
• resistance ratio: in general ROFF/RON ratios of factor more than 10 are required,
• endurance: typically more than 106 write cycles,
• retention: data retention time of more than 10 years at temperature elevated up to 85°C
(or as specified) is required for nonvolatile memories.
The main problems of RS cells which need further improvements include mainly the issue
of electroforming step, reproducibility in RS characteristics and/or RS material, so-called
“voltage-time” dilemma [49] and sneak paths [35].
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3 Materials and methods
This chapter firstly presents the material characteristics of YMnO3 with the focus on the
transport properties (Section 3.1). Next, fabrication of investigated YMnO3-based structures
is described in Section 3.2. Section 3.3 summarizes methods used for characterization of
material and electrical transport properties of YMnO3 films and of YMnO3-based structures,
respectively. In order to underline author’s contribution as well as the extensive scientific
collaborations with the other research institutions (both within Virtual Institute Memriox
and within external agreements), people involved and/or who contributed to the investigation
with given experimental technique are listed and acknowledged here.
3.1 Hexagonal YMnO3
In recent years, YMnO3 has gained a considerable attention of scientists mainly due to its
multiferroic properties. In this section, motivation for the choice of YMnO3 for present study
is described. Next, material properties with the focus on those which might have a significant
impact or can be relevant to the possible resistive switching behaviour are reviewed and
included. Present work investigates the resistive switching of YMnO3 thin films and possible
contribution of multiferoic properties at room temperature (or above). Therefore, discussion
below focuses mainly on the material properties of YMnO3 in hexagonal crystallographic
structure characterized by ferroelectric phase up to approximately 650°C [56].
Multiferroics are the materials which exhibit simultaneously at least any two primary or-
derings (e.g. ferroelectric and ferromagnetic) in the same phase [57]. Since about year 2005,
multiferroics have regained increased interest from scientist [16][17][58][59]. The renais-
sance of these materials, on one hand, has been fuelled by developments and collaborations
between many areas of experiment and theory. On the other hand, possibility of coupling
between their dual order parameters creates the promising opportunity of designing a multi-
functional devices, so that a single device component can perform more than one task. As an
example, ferromagnetic ferroelectric can contribute to the development of the device based
on new operational paradigms, e.g. control of magnetic state by an electric field. Such device
could be used as a field controlled magnetic data storage [16].
Recent trend in the research field of oxides for novel nanoelectronics concerns the func-
tionality of domain walls [60]. Intrinsically nanoscale domain walls (in ferroelectrics, in
contrast to ferromagnets, typically just of a few nanometers or less in width) can be regarded
as an extended topological defects with different electronic and structural symmetry from
their parent materials. Different physical properties localized specifically at domain walls
make them promising for use as active components in future nanodevices [61]. Moreover,
domain walls are “mobile” and their position depends on applied electric and/or magnetic
field. Operational concept of magnetic racetrack memory exploits domain walls as an “active
element” of the device. Domain walls are moved by a current and read by a magnetic head
[62]. Reports on domain wall conduction [63] and on domain wall related functionalities
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[64][65] indicate that they can be utilized as functional elements in the development of novel
nanoscale storage or logic elements.
This doctoral dissertation addresses the issue of correlation between domain walls and
the resistive switching (RS) behaviour of the multiferroic YMnO3 thin films. In particular,
presence of the charged domain walls and possibility of engineering of vortex core density
are the most promising characteristics with respect to the expected RS. In this work it is
hypothesized that charged and/or neutral domain walls promote formation of the conductive
paths within the insulating oxide or are filaments itself. This, along with the possibility
of defining the vortex core density, would contribute to development of electroforming-free
resistive switching device with desired electrical characteristics.
3.1.1 Crystal structure
YMnO3 belongs to the group of rare earth (RE) manganites with general formula REMnO3.
Although yttrium is not a rare earth, it forms a stable trivalent cation with a similar ionic ra-
dius to those of the smaller rare earth ions [66]. Usually, transition metal oxides ABO3 crys-
tallize in the perovskite type crystal structure. In case of REMnO3, however, crystal structure
depends on the size of rare earth cation. Thermodynamically stable phase of REMnO3 with
RE cation RE = Ho, ..., Lu, Y or Sc is hexagonal structure, whereas compounds with RE
= La, ..., Dy crystallize as orthorhombic perovskites. Under certain conditions, like e.g.
low-temperature chemical synthesis [67], high pressure synthesis [68], or epitaxial growth,
hexagonal rare earth manganites cab be also prepared in a metastable phase, i.e. as a per-
ovskite.
Thermodynamically stable phase of YMnO3 at room temperature is a hexagonal struc-
ture with space group P63cm and following unit cell parameters reported for single crystal:
a=6.125 Å and c=11.41 Å [69]. This structure can be described as a polyhedra-layered sys-
tem with Mn3+ ions coordinated by five oxide ions which form a trigonal bipyramid. Layers
of Y3+ ions are placed between slabs of mentioned bipyramids so that each Y3+ is coordi-
nated by eight oxide ions (six equatorial oxygens from two symmetry inequivalent sites and
two inequivalent apical oxygens) [56][69][70]. The bipyramids are tilted with respect to the
c-axis resulting in two unequal Y–O bond lengths for each yttrium site [56] what leads to an
uniaxial polarization perpendicular to the plane of the sample (along c-axis) [58].
Thermodynamic assessment of Y-Mn-O system concerning the thermodynamic properties
of hexagonal YMnO3 and YMn2O5 is reported in Ref. [71]. According to the calculations
based on Gibbs energy minimization, phase diagram of MnOx-YO1.5 is presented. The re-
sults indicate that h-YMnO3 is stable in the temperature range between 789°C and 1794°C.
Below 789°C it decomposes into YMn2O5 and α-Y2O3 whereas above 1794°C it melts in-
congruently [71].
3.1.2 Origin of ferroelectricity
YMnO3 exhibits so-called improper ferroelectricity which is induced by electrostatic and
ionic size effects [15][56][72]. The origin of ferroelectricity in YMnO3 and scenario of
paraelectric-ferroelectric phase transition had been predicted by first-principles density func-
tional calculations [15][73] and confirmed by the symmetry analyses coupled with results
of polycrystalline powder neutron diffraction [56], single-crystal X-ray diffraction [15] and
synchrotron X-ray experiments [74]. According to the obtained results, it has been be con-
3.1 Hexagonal YMnO3 31
cluded that the ferroelectricity in hexagonal YMnO3 emerges in two steps. First, the struc-
tural transition between the high temperature, centrosymmetric P63/mmc and the unit-cell
tripled P63cm phase occurs between 970°C and 1000°C. It is triggered by a nonpolar K3
mode and induces buckling of MnO5 polyhedra. Although it lowers symmetry to the polar
P63cm phase, there is no net polarization. Ferroelectric polarization appears spontaneously
at Curie temperature TC around 647°C due to weaker Γ−2 mode [56][74][75]. This transi-
tion induces displacements of Y ions due to hybridization of the Y1–O3 bond (between Y
and in-plane oxygen ions) without further symmetry reduction and leads to the net electric
polarization [56][74][76].
Reported values of coercive field (EC) and remanent polarization (Pr) are different for bulk
and thin film YMnO3. Thin films exhibit common reduction in the ferroelectric polarization
and dielectric response compared with the corresponding values measured for single crystal.
In case of epitaxial (0001) YMnO3 thin film grown on platinum coated substrate, EC = 80
kV/cm and Pr = 1.7 µC/cm2 [77].
3.1.3 Multiferroic properties
YMnO3 exhibits an A-type antiferromagnetism below Néel temperature TN ≈ -203°C [78]
[79] attributed to the superexchange between Mn3+ ions [66][79]. Antiferromagnetic cou-
pling between the spins of the closed-packed Mn3+ ions (located in the z=0 and z=1/2 planes)
leads to the alignments of the moments into 120° structure in the ab plane. As a conse-
quence of the 2Dmagnetic structure and triangular lattice, the magnetic structure is frustrated
[79][80][81] what significantly lowers the spin-ordering temperature TN [68]. Coupling be-
tween electric and magnetic ordering in the hexagonal YMnO3 has been reported [81][82].
However, due to the low Néel temperature (TN ≈ -203°C), this type of coupling is not pos-
sible at the room temperature. Although multiferroic coupling below room temperature is
not suitable for most of the proposed appliactions, it is worth to keep in mind that this issue
might be overcome by designing heterostructure thin films where the multiferroic coupling
is obtained by interfacial interactions between constituting films [58]. Nevertheless, single-
phase YMnO3 reveals attractive properties originating from its multiferroicity also at the
room temperature, e.g. charged domain walls and vortex cores.
Charged domain walls
In ferroelectrics, domain walls (DWs) are usually neutral. Electrical compatibility and en-
ergy restrictions prevent formation of positively charged head-to-head (HH) and negatively
charged tail-to-tail (TT) domain walls. Despite that, their formation and stabilization by in-
tentional doping [83], by topologically protected defects (i.e. vortices) in multiferroics [19],
and by charge carriers in uniaxial ferroelectrics [84][85] has been predicted by first-principles
calculations. Since the first experimental evidences of charged domain walls (cDWs) in
hexagonal manganites [19][20], cDWs, similar to the neutral but conducting under certain
conditions DWs, have gained tremendous attention due to the possible application as the
functional nanofeatures in oxides for electronic applications.
In undoped semiconducting ferroelectrics, conductivity of HH and TT depends on the
majority charges. Results of calculations indicate that in n-type uniaxial ferroelectrics, e.g.
LiNbO3 doped with Fe, conductivity across the negatively charged TT wall is at least an
order of magnitude smaller than in case of positively charged HH [84]. On the contrary,
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results of current sensing atomic force microscopy (cs-AFM) experiments on p-type semi-
conducting hexagonal HoMnO3 [20] and ErMnO3 [19] indicate enhancement of conduction
at TT cDWs and its suppression at HH cDWs when compared to the conductivity of the bulk
domain. Such behaviour has been attributed to the accumulation and depletion of hole-like
carriers at TT cDWs and HH cDWs, respectively [19][20]. Steady metallic-like conduc-
tion along cDWs was also reported for the wide-gap insulating ferroelectric BaTiO3 and it
was ascribed to the formation of quasi two-dimensional electron gas at the HH DWs [86].
Schematic illustration of neutral and charged domain walls is presented in Fig. 3.1.
Fig. 3.1: Schematic illustration of charged (a, b) and neutral (c) domain walls in an uniaxial semiconducting
ferroelectric. In case of p-type semiconductor (e.g. YMnO3), in comparison to the domain (bulk material),
conductivity at the positively charged head to head (a) and negatively charged tail to tail (b) domain walls
is suppressed and enhanced due to depletion and accumulation, respectively, of majority carriers, i.e. holes
[19][20]. Accordingly, in case of n-type semiconductor (e.g. Fe-doped LiNbO3), conductivity of positively
charged head to head (a) and negatively charged tail to tail (b) domain walls is enhanced and suppressed. Ar-
rows represent the direction of polarization. In case of neutral domain walls, polarisation is aligned continously
along the domain wall as indicated in (c) [87]. Based on [84].
Reports presenting experimental results on domain wall conductivity in YMnO3 do not ad-
dress the issue of charged DWs. Significant enhancement of the conductance along neutral
DWs after poling in the electric fields was reported in the oxygen deficient single crystals of
YMnO3 [18][88]. It was concluded that the observed conductivity of straight neutral DWs in
YMnO3-δ, is induced by the ordering of oxygen vacancies. In contrast to YMnO3-δ, neutral
DWs in stoichiometric single crystalline YMnO3 are insulating of twisted shape [18][88].
Results of calculations based on the phenomenological electrostatic and ab-initio density
functional theories indicate that enhanced conductivity of HH cDWs in YMnO3 results from
accumulation of holes and changes in the band structure, respectively [19]. Presence of
tail-to-tail DWs (but not head-to-head DWs) in single crystalline YMnO3 was proven by the
results of aberration-corrected scanning transmission electron microscopy [89]. However,
these studies do not indicate the conductivity of observed TT cDWs.
In present dissertation, it is assumed that HH and TT cDWs exist in YMnO3 and that
their conductivity varies with respect to each other and to the bulk domain. Although there
are no explicit experimental evidences of HH and TT cDWs in YMnO3, this assumption
is based on the above-mentioned results concerning YMnO3 [19][89] and on the results of
piezoresponse force microscopy (PFM) coupled with cs-AFM obtained on the other hexag-
onal manganites which indicate enhanced and suppressed conduction on TT and HH cDWs,
respectively [19][20].
Vortex core density
Phase transition at TC and symmetry breaking described in the subsection 3.1.2 result in
arrangement of domains in a “cloverleaf” patterns of six ferroelectric domains with alter-
nating polarization which emerge at one point called vortex core [18][72][90]. The ferro-
electric DWs and structural anti-phase boundaries are mutually locked what means that the
3.1 Hexagonal YMnO3 33
electric polarization always changes sign at the structural domain boundaries [90]. It has
been shown that despite of the anisotropic crystal structure, kaleidoscopic intersections of
DWs are present in all three spatial directions [72]. In addition, multiferroic vortex cores
(vortex-antivortex pairs) in YMnO3 are topologically protected, i.e. they cannot be annihi-
lated or driven out of the system by an electric field [17][72][76][90]. Similar to the DWs
and cDWs, multiferroic vortices might exhibit different material properties than the parent
material. Therefore, they could be utilized as a one-dimensional channels in novel oxide
nanoelectronic devices. Enhanced electric conductivity at the ferroelectric vortex cores was
reported in 50 nm (001)-oriented BiFeO3 [91]. There, it is concluded that vortex core is a
dynamic conductor controlled by the coupled response of polarization and electron-mobile-
vacancy subsystems with external bias [91].
More interesting and advantageous with respect to the material engineering, is a possibility
of controlling the vortex core density in hexagonal manganites. Findings of the theoretical
considerations of Kibble-Zurek theory regarding topological defect formation applied to the
hexagonal manganites supported by the results of PFM measurements clearly indicate rela-
tion between cooling rate of oxide during the phase transition at TC and the density of vortex
cores [76].
In summary, possibility of engineering of the density of vortex cores and charged domain
walls (number of cDWs is directly proportional to the number of vortex cores) along with
their controllable conductance makes the YMnO3 very appealing candidate for electroforming-
free novel resistively switching oxide with topological defects acting as a predefined conduc-
tive paths.
3.1.4 Charge transport properties
Although material properties of the thin film might differ from its bulk form, knowledge of
the conduction mechanism in YMnO3 ceramics contributes to the understanding of electrical
transport phenomena observed in the thin films.
Bulk conductivity
First report on the electrical transport in YMnO3 ceramics indicated p-type semiconducting
behaviour which was attributed to the hopping of holes localized as polarons at Mn4+ from
site to site among localized levels at Mn cations [92]. Activation energies (EA) of conduc-
tion were determined experimentally to be 0.63 eV, 0.41 eV and 0.79 eV in the tempera-
ture range 25°C-245°C, 245°C-660°C and 660°C-1000°C, respectively [92]. Recent works
[78][93][94][95] confirm these findings and state that the p-type conductivity in YMnO3 ce-
ramics is associated with thermally activated hopping of holes and with relaxation of oxygen
vacancies [94][78]. Temperature dependence of conductivity indicates three regions with
different activation energies which values differ between published reports. This might be
related to the differences in the investigated temperature range and the different processing
method of YMnO3 ceramics such as sintering time and/or temperature. It can be concluded
that the p-type conductivity characterized by activation energy ranging from EA = 0.26 eV
[93] to EA= 0.63 eV [92] dominates the electrical conductivity at temperatures between 25°C
and approximately 300°C. This is followed by transition/saturation region at the intermedi-
ate temperatures observed as a plateau in the f(1/T) = logσ plot. At the temperatures above
500°C, EA increases and YMnO3 becomes an n-type semiconductor with conductivity as-
signed to the electrons formed due to the loss of oxygen and creation of oxygen vacancies
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[94][95].
Effect of non-stoichiometry and doping
Non-stoichiometry of YMnO3 alters the electrical transport properties, e.g. Y- and Mn- sub-
stoichiometry is compensated by formation of holes and in consequence - increase in p-type
conductivity (see Appendix B for reactions describing defect formation).
Study on electrical conductivity in non-stoichiometric YMnO3 ceramics with slightly
varying Y/Mn ratios (0.95/1.00, 1.00, 1.00/0.97) in the temperature ranging from 200°C to
1000°C indicated no major differences between investigated samples [96]. On the contrary,
study on YMnO3 thin films with Y/Mn ratios of 1.00/1.05, 1.00, 1.00/0.95, and 1.00/0.90
indicated that non-stoichiometry influences both transport and microstructural properties of
the films [97]. Electrical measurements were possible only in case of the smoothest and the
densest film with Y/Mn ratio of 1.00/0.90 (electrical shortcut in case of other compositions)
and indicated leakage current of 10-5 A/cm2 at 1 V [97].
Pronounced non-stoichiometry and large Y/Mn ratios result in precipitation of the sec-
ondary phases: YMn2O5 and Y2O3 in case of Mn-rich and Mn-deficient YMnO3, respec-
tively [98]. Significant impact on electrical transport properties is achieved by A-site substi-
tution what induce the crystal field splitting of the Mn ions in trigonal bipyramidal coordina-
tion [99]. Depending on the valence of an introduced element, YMnO3 might be doped with
electrons or holes. This, in turn, results in an insulating or conducting state, respectively
[99].
A-site substitution with cations of higher valence with respect to yttrium yields an electron
doping of YMnO3. It has been shown that introduction of Zr4+ [99] and Ce4+ [100] as well
as the self-doping at Mn-site (YMn1+xO3) [101] leads to the mixture of Mn2+-Mn3+. As
a consequence, YMnO3 is more insulating and observed leakage current of thin films is
smaller when compared to the undoped samples [102].
Introduction of the lower valence state cations results in hole doping due to the increase
of valence state of manganese cations and the mixture of Mn3+-Mn4+ in YMnO3. Results
of studies on doping of YMnO3 with Ni2+ [103], Co2+ [104] or Ca2+ [105] show the strong
increase of the electronic conductivity associated with the increase of Mn4+. In addition,
A-site doping with divalent cations increases leakage current in the thin YMnO3 films [102].
It might be concluded that the electrical conductivity (similar to other material properties)
of YMnO3 might be engineered by adjusting the composition, whether by doping or by non-
stoichiometry. Precaution, however, should be taken - according to the available reports,
there is only a narrow compositional range which allows for solid solution of introduced
elements. Otherwise, phase separation leading to the precipitation of secondary phases is
observed.
3.2 Preparation of YMnO3 thin films by pulsed laser
deposition
YMnO3-based metal-insulator-metal (MIM) structures were prepared in the Deposition Lab-
oratory at the Division of Semiconductor Materials, Institute of Ion Beam Physics and Mate-
rials Research, Helmholtz-Zentrum Dresden-Rossendorf. YMnO3 had been a new material
system to be prepared in this laboratory. Therefore, the initial conditions of pulsed laser
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deposition (PLD) were adapted from the available report on unipolar resistive switching
YMnO3 grown by PLD [106]. It should be noted that the optimization of YMnO3 growth by
PLD was not the aim of this work. Support and commitment of Dipl.-Ing. Ilona Skorupa as
well as help from Dr. Danilo Bürger are greatly acknowledged.
3.2.1 Background
Pulsed laser deposition is a well established and common method for deposition of wide
range of materials, including oxides (also complex oxides, heterostructures, and superlat-
tices), nitrides, carbides, polymers, complex hybrid metal-organics, etc. The biggest advan-
tages of this technique are relative simplicity in use, versatility in choice of material to be
deposited and control of its properties like stoichiometry (composition) and/or crystal struc-
ture. Disadvantages include the non-uniformity of the film thickness and composition as
well as the risk of formation of droplets and/or clusters [107].
PLD employs laser pulses of high energy to melt, evaporate and ionize material from the
surface of a ceramic, bulk target. As a result, transient, highly luminous plasma plume is
formed which expands rapidly from the target surface and re-condenses on the substrate.
PLD process consists of the three basic steps [108]:
1. ablation of bulk target by laser beam,
2. formation and expansion of plasma plume,
3. nucleation and growth of the film on a substrate.
Although working principle of PLD is quite simple, the corresponding physical phenomena
are complex and each of the above mentioned steps has an impact on the properties of the
deposited material. The main parameters influencing the material characteristics are fluence
and frequency of laser, background gas pressure and substrate temperature. These are the
factors affecting the plasma plume characteristics (kinetics). Along with the substrate itself
they define the growth mode of deposited film. Deposition of the thin film comprises (i)
condensation of sufficient number of vapour atoms on the substrate which form a stable
centre for nucleation, (ii) formation of homogeneously distributed small islands or clusters,
(iii) growth and merge (coalescence) of islands which continues until the isolated voids and
porous channels are filled. According to the conventional theory, thin film deposition is
governed by the balance between free energies of the film surface, substrate surface, and
film-surface interface [107][109]. Fig. 3.2 presents schematically three main modes of thin
film growth. In the Volmer-Weber mode, referred to as the three dimensional island growth,
the interaction between deposited atoms is stronger than binding energy of deposited atom
to the substrate what leads to the cluster growth and formation of islands (Fig.3.2 a). If the
interaction between deposited atoms and substrate atoms are strong enough, film grows in
the Frank-van der Merwe, called layer-by-layer, mode (Fig.3.2 b) which is a two dimensional
monolayer formation. The Stranski-Krastanov growth mode (Fig.3.2 c) combines Frank-van
der Merwe and Volmer-Weber modes and in this case separated island are formed on the top
of a full layer of the film [107][108].
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Fig. 3.2: Three main modes of thin film growth: Volmer-Weber (a), Frank-van der Merwe (b) and Stranski-
Krastanov (c).
3.2.2 Deposition of YMnO3
Stoichiometric ceramic targets used in PLD were prepared in a standard solid-state route
by mixing, milling and sintering of Y2O3 (99.999% purity, Aldrich) and Mn2O3 (99.999%
purity, Aldrich). Before each deposition process, a short pre-ablation of the target was pre-
formed in order to clean its surface. During PLD process, the YMnO3 target was ablated
by KrF excimer laser (λ=248 nm, τ=34 ns). Laser energy fluence and repetition rate were
the constant growth parameters and they equal respectively 2.5 J/cm2 and 3 Hz during each
deposition process. The variable growth parameters were substrate temperature, number of
laser pulses and oxygen pressure in the chamber (background pressure) - these were var-
ied according to the desired thickness and properties of YMnO3 films. After the deposition
process, the pressure of the oxygen in the chamber was increased to 1 mbar and the films
were cooled down with the rate of 20°C/min. Substrates used for growth of YMnO3 were
coated with metal which serves afterwards as a bottom electrode. Following substrates were
used: (i) 200 nm Pt/50 nm Ti/500 nm SiO2/p-Si (provided by MTI), (ii) 100 nm Pt/(0001)-
Al2O3 (Pt layer was evaporated at HZDR), and (iii) (100)-SrTiO3 doped with 0.5 wt.% of
Nb (provided by Crystec Inc). In case of these substrates Pt (i, ii) and Ti (i) serves as a
bottom electrode and an adhesion layer, respectively. Single crystalline SrTiO3 doped with
Nb (iii) is a commonly used substrate for growth of oxides. Doping with Nb provides a
very good n-type conductivity, so that Nb-doped (100)-SrTiO3 used in this research serves
simultaneously as a substrate and a bottom electrode.
3.3 Characterization techniques
3.3.1 Electrical transport properties and resistive switching
behaviour
Prior electrical measurements, circular gold top electrodes (TE) of thickness around 160 nm
were prepared by the DC magnetron sputtering at room temperature. In case of selected
samples, Pt and Pt/Ti electrodes were e-beam evaporated at room temperature. Both pro-
cesses employed shadow mask which allows the deposition of TEs with diameter ranging
from 240 µm to 759 µm (dTE = 240 µm, 337 µm, 357 µm, 526 µm and 759 µm). Transport
properties of metal-insulator-metal (MIM) structures were investigated at room temperature
in the 2-point DCmeasurements with the use of Keithley SourceMeter 2400. Top and bottom
electrode were biased and grounded, respectively, throughout all of the measurements. The
voltage sweep routine, unless otherwise stated, consisted of full clockwise (CW) or counter-
clockwise (CCW) voltage sweep defined as follows: 0 V→ +Vmax → 0 V→ -Vmax → 0 V
for CW direction (Fig. 3.3 a) and 0 V→ -Vmax → 0 V→ +Vmax → 0 V for CCW direction
(Fig. 3.3 b). Temperature settings during measurements of temperature dependencies were
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adjusted by LakeShore 301/340 temperature controller.
In case of TE/YMnO3/SiNx/p-Si heterostructures, referred to as metal-ferroelectric-insulator-
semiconductor (MFIS) structures, aluminium TEs and gold BE were deposited by the DC
magnetron sputtering at room temperature. Capacitance-voltage (CV) characteristics and ca-
pacitance as a function of time (C(t)) were investigated with the use of Agilent Impedance
Analyzer 4249A. In the experiments involving illumination, monochromatic light beam of
desired intensity and wavelength was provided by Anfatec Rainbow Source. Prior the illu-
mination tests, power and intensity of employed light source were calibrated by the optical
power meter (PM100D, Thor Labs) equipped with the commercial photodiode (S120VC,
Thor Labs). During calibration and following illumination tests, distance between photodi-
ode/investigated sample and light source was kept constant.
Fig. 3.3: Voltage sweep procedure used in the present study for investigation of the electrical transport proper-
ties: clockwise (a) and counter-clockwise (b) direction. +V (c) and -V (d) correspond to the voltage procedures
described in the text (Chapter 5) as application of only positive and only negative bias, respectively. Arrows
and numbers denote the direction and sequence of applied bias.
3.3.2 Structure and chemical composition
X-ray diffractometry (XRD)
Structural properties of deposited films were investigated by X-ray diffractometry at the
Institute of Ion Beam Physics and Materials Research, in Helmholtz-Zentrum Dresden-
Rossendorf (HZDR) (Mrs. A. Scholz) and at the Institute of Experimental Physcis, Technis-
che Universität Bergakademie Freiberg (A. Bogusz under supervision of Dr. B. Abendroth
and Dr. H. Stöcker). Results were analyzed by A. Bogusz and discussed with Mrs. A. Scholz
and Dr. B. Abendroth.
XRD measurements were performed on a Philips X’Pert PW3710 and a Bruker D8 Ad-
vance diffractometers which operate with Cu-Kα radiation. In most cases, method of grazing
incidence (GI-XRD) under an angle of ω=1° was used. GI-XRD is a common technique for
study of the thin films.
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM)
Microstructure and surface morphology of investigated YMnO3 were investigated with Scan-
ning Electron Microscopy (D. Blaschke, HZDR) and with Atomic Force Microscopy (A.
Bogusz, Technische Universität Chemnitz (TUC)).
High resolution scanning electron microscope Hitachi S-4800 equipped with Energy Dis-
persive X-ray Spectroscopy (EDXS) system was used for mapping the surface structure and
elemental distribution of studied samples.
In case of AFM, Keysight (Agilent) 5400 microscope operating with both contact and
tapping modes was used for the investigation of surface topography. Measurements and
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analyses of results with the use of the open source software Gwyddion [110] were performed
by A. Bogusz. Technical and consultative support of Dr. M. Fenner and Dr. M. Hippler form
Keysight Technologies (former Agilent Technologies) is gratefully acknowledged.
Transmission Electron Microscopy (TEM)
Analytical Transmission Electron Microscopy investigations of cross-sections of selected
samples were performed on Titan 80-300 Microscope manufactured by FEI equipped with
a field emission gun working at accelerating voltages between 80 kV and 300 kV and with
High-Angle Annular Dark-Field Detector (HAADF) enabling scanning-TEM (STEM) (Dr.
R. Hübner, HZDR). In addition, retractable detector for Energy Dispersive X-ray Spec-
troscopy (EDXS) allows the in-situ elemental analyses. Preparation of the TEM specimens
was done with the focused ion beam technique carried out on Zeiss NVision 40 device (A.
Kunz, HZDR). Results were consulted and discussed with Dr. R. Hübner whose support and
commitment are gratefully acknowledged.
Auger Electron Spectroscopy (AES) and Rutherford Backscattering
Spectrometry (RBS)
Chemical composition, elemental distribution of the films and chemical shifts were probed
with Auger Electron Spectroscopy and Rutherford Backscattering Spectrometry.
Scanning Auger electron spectrometer Microlab 310F (Fisons) with field-emission cath-
ode and hemispherical sector analyzer with the minimal lateral resolution of 15 nm was used
for the determination of depth profiles within measured samples.
RBS measurements were performed in HZDR and at Friedrich-Schiller-Universität Jena
(FSU). RBS data were acquired with the use of 1.7 MeV (HZDR), 2.9 MeV (FSU) and
3.9 MeV (FSU) 4He+ ions. The backscattering angle was set to 170° and collected charge
amounted to 10 µC (HZDR) or 20 µC (FSU). Measured RBS spectra were modelled by A.
Bogusz with the use of SIMNRA software [111]. Obtained results reflect the chemical com-
position and the thickness expressed in number of atoms per cm2 of each layer constituting
the measured films.
AES and RBS measurements were conducted by and/or discussed with Dr. S. Facsko
(HZDR) and D. Blaschke (HZDR), J. Rensberg (FSU), Prof. Dr. C. Ronning (FSU), respec-
tively. Their commitment and support are gratefully acknowledged.
Piezoresponse Force Microscopy (PFM)
Local ferroelectric properties were investigated by Piezoresponse Force Microscopy in the
State Key Laboratory of Electronic Thin Films and Integrated Devices, University of Elec-
tronic Science and Technology of China. Supervision and help received from Dr. H. Zeng
and Mrs. Y. Lei are gratefully acknowledged. Measurements of ferroelectric properties at
macro scale, i.e. with the use of classic Sawyer-Tower circuit were conducted by Dr. T.
Schenk at NaMLab GmbH, Dresden.
Variable Energy Positron Annihilation Spectroscopy (VEPAS)
Variable Energy Positron Annihilation Spectroscopy was used for detection of point de-
fects. Measurements were carried out with the use of Slow-Positron System of Rossendorf
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(“SPONSOR”) which employs monoenergetic positron beam (22Na source, diameter: 4 mm)
of predefined energy ranging between 30 eV to 36 keV. Slow-positron beam technique used
in this study allows the depth-dependent Doppler-broadening spectroscopy. Details con-
cerning SPONSOR can be found in Ref. [112]. Positron annihilation spectroscopy enables
detection of neutral and negatively charged open volume defects and negatively charged non-
open volume defects [113]. VEPAS measurements and data analyses were performed by
Dipl.-Phys. W. Anwand (HZDR) whose help and consultancy are gratefully acknowledged.
Variable Angle Spectral Ellipsometry (VASE)
Variable Angle Spectral Ellipsometry (SE) was used for determination of the film thickness,
optical constants, and band gap energies. Ellipsometric measurements were carried out on a
Woolam RC2 Ellipsometer with rotating compensator and collected data were modelled with
the use of CompleteEASE software, both provided by J.A. Woollam Co., Inc. (A. Bogusz,
TUC). Spectral range varied between λ = 210 nm - 1000 nm and incidence beam angles
between 20° and 80°.
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4 Resistive switching in YMnO3
This chapter presents the results of study on resistive switching behaviour in YMnO3-based
structures. First, the sample overview including PLD growth parameters and results of the
basic characterization of as-grown films are presented in Section 4.1. In Section 4.2, low-
field current-voltage (IV) characteristics and conduction mechanisms of as-prepared junc-
tions are discussed. Analyses of observed unipolar and bipolar resistive switching behaviour
are presented in Section 4.3 and 4.4, respectively. Summary of this chapter and outlook are
given in Section 4.5.
4.1 Sample overview (1)
YMnO3 (YMO) had been a new material system to be deposited in the Institute of Ion Beam
Physics and Materials Research, HZDR. Therefore, parameters chosen for the growth of this
ternary oxide by pulsed laser deposition (PLD) technique were adapted from the published
work concerning unipolar resistive switching in YMnO3 [106]. Details of PLD process are
described in Chapter 3. Overview of the samples investigated in experiments presented in
this chapter, including specific PLD growth conditions and thickness of deposited YMnO3
layers are summarized in Table 4.1. Following notation of substrates is used in the table
and throughout the text of dissertation: PTS - 200 nm Pt/50 nm Ti/500 nm SiO2/p-Si, PA
- 100 nm Pt/(0001)-Al2O3 and NbSTO - 0.5 wt.% Nb-doped (100)-SrTiO3. Properties and
unipolar resistive switching behaviour of amorphous YMnO3 deposited on PTS (i.e. sample
A3) are described in separate section (Section 4.3.3).
Sample Substrate TS pO2 PLD pulse number Thickness (method)
[°C] [mbar] [nm]
A1 PTS 800 0.180 6000 160 (D, TEM)
A2 PTS 800 0.018 6000 180 (D, TEM)
A3 PTS 500 0.180 6000 220 (D)
B1 PA 800 0.180 6000 240 (D, TEM, SE)
B2 PA 800 0.018 6000 290 (D, TEM, SE)
C1 NbSTO 800 0.180 6000 100 (D, SE)
C2 NbSTO 800 0.018 6000 95 (D, SE)
D1 Al2O3 800 0.18 12000 452 (SE)
E1 SiO2/p-Si 800 0.18 6000 220 (SE)
Tab. 4.1: Overview of investigated YMnO3-based structures: sample ID, substrate (notation as explained in
the text), temperature of substrate (TS) and oxygen pressure (pO2 ) during the PLD. Thickness of the films was
determined by Dektak profilometry (D) and/or spectral ellipsometry (SE) and/or TEM cross sections (TEM).
Surface morphology and structural properties of as-grown films were characterized by
SEM, AFM, and XRD. Results of these investigations are presented in Figs. 4.1, 4.2, 4.3, and
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4.4, respectively. It can be seen that when the substrate temperature is fixed (here 800 °C),
the substrate used for deposition as well as the oxygen pressure during the growth determine
the structural and micro-structural properties of these films. In addition, they influence the
thickness of the deposited YMnO3. This can be explained by taking into account that the
oxygen pressure during the PLD influences the expansion of the material plume formed by
ablation of the target [114]. Increase in pO2 reduces the plume expansion and results in
the decrease of film growth rate. This is observed in case of YMnO3 deposited on metal-
coated substrates which thickness is smaller for films grown at higher pO2 . Thickness of
YMnO3 deposited on oxide substrate, i.e. on NbSTO, does not depend so significantly on
the oxygen pressure (5 nm difference in thickness). Observed thickness variation, structural
and micro-structural properties of the films are related to the different growth mechanisms
of YMnO3 on metal-coated and on oxide substrates. According to the results of structural
and micro-structural characterization, the growth mechanism of YMnO3 on metal-coated
PTS and PA substrates resembles Volmer-Weber (i.e. island formation) mode (Fig. 3.2 a)
whereas deposition on NbSTO (oxide substrate) results in Frank-van der Merwe (i.e. layer
by layer) mode (Fig. 3.2 b). These observations indicate that the interaction of deposited
atoms/ions between each other and between oxide substrate are stronger than in the case of
metal layers (i.e. metal-coated substrates). In addition, as discussed in Sec. 4.4, NbSTO
is used as a template for epitaxial growth of orthorhombic YMnO3 [114][115][116][117].
Epitaxial growth is characterized by layer by layer growth mode and results in low surface
roughness, as observed in case of samples C1 and C2. It is expected that the pO2 , temperature
and substrate used for the growth of YMnO3 by PLD have got a crucial impact not only on
the structural properties, as presented above, but also on the chemical composition of the
films and in consequence on the material properties, including the transport characteristics
and the resistive switching.
Fig. 4.1: SEM images presenting surface morphology of as-grown YMnO3 films deposited on PTS (a, d), PA
(b, e) and NbSTO (c, f) substrates at oxygen pressure of 0.180 mbar (a, b, c) and 0.018 mbar (d, e, f). Sample
overview is given in Table 4.1.
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Fig. 4.2: AFM images (a, b, c) and corresponding 3D maps (d, e, f) of as-grown YMnO3 films deposited on
PTS (a, d), PA (b, e) and NbSTO (c, f) substrates at pO2 = 0.180 mbar. Surface roughness expressed in root
mean square (RMS) values calculated for (2x2) µm2 equal to 19.6 nm (a, d), 7.4 nm (b, e) and 0.6 nm (c, f).
Sample overview is given in Table 4.1.
Fig. 4.3: AFM images (a, b, c) and corresponding 3D maps (d, e, f) of as-grown YMnO3 films deposited on
PTS (a, d), PA (b, e) and NbSTO (c, f) substrates at pO2 = 0.018 mbar. RMS values calculated for (2x2) µm
2
equal to 21.3 nm (a, b), 6.3 nm (c, d) and 0.8 nm (e, f). Sample overview is given in Table 4.1.
Results of XRD measurements are presented in Fig. 4.4. According to The International
Centre for Diffraction Data (ICDD), obtained XRD patterns correspond to the polycrys-
talline, hexagonal phase of YMnO3 (Powder Diffraction File (PDF): 25-1079) in case of
samples A1, A2, B1, B2 (Fig. 4.4 a-d). In case of samples C1 and C2, XRD patterns suggest
polycrystalline orthorhombic YMnO3 phase (PDF: 20-0732) with nanocrystalline structure
(Fig. 4.4 e-f). For a better comparison, XRD patterns of the ceramic target used during PLD
process and of the standard PDF: 25-1079 are presented in Fig. 4.4 g-j, both representing
polycrystalline, hexagonal phase of YMnO3.
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Fig. 4.4: XRD diffraction patterns of as-grown YMnO3 films deposited on PTS (a, b), PA (c, d) and NbSTO
(e, f) substrates at pO2 = 0.180 mbar (a, c, e) and pO2 = 0.018 mbar (b, d, f), of PLD ceramic target (g, h) and of
standard PDF: 25-1079 (i, j) representing polycrystalline, hexagonal structure of YMnO3. Sample overview is
given in Table 4.1.
4.2 Low-field current-voltage characteristics of
pristine junctions
Investigation of resistive switching (RS) properties presented in this work has been con-
ducted on the structures consisting of YMnO3 layer sandwiched between top and bottom
electrodes, referred to as the metal-insulator-metal (MIM) structures. Schematic layouts of
the investigated YMnO3-based MIM structures and the macroscopic image of sample top
view are presented in Fig. 4.5. Unless otherwise specified, Au circular pads serve as a top
electrodes (TEs) and Pt/Ti, Pt or Nb:SrTiO3 as a bottom electrodes (BEs) in case of samples
A1-3, B1-2 and C1-2, respectively.
In order to gain a better understanding of RS phenomena, electrical transport properties
and conduction mechanisms of studied junctions are evaluated for as-grown and resistively
switching MIM structures. In this section firstly the theoretical aspects of the main conduc-
tion mechanisms observed in MIM structures are presented. This is followed by analyses of
transport properties in the pristine YMnO3-based junctions. Conduction mechanisms of re-
sistively switching junctions are discussed in the sections concerning the resistive switching
behaviour.
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Fig. 4.5: Schematic pictures of investigated MIM structures (a-c) and macroscopic image of sample top view
(d). In present study, following substrates are used for deposition of YMnO3: (a) 200 nm Pt/50 nm Ti/500 nm
SiO2/p-Si (PTS), (b) 100 nm Pt/Al2O3 (PA), and (c) SrTiO3 doped with 0.5 wt.% of Nb (NbSTO). In all cases,
unless otherwise specified, gold circular pads serve as a top electrodes (TEs). Diameter of TEs is ranging from
240 µm to 759 µm (dTE = 240 µm, 337 µm, 357 µm, 526 µm and 759 µm).
4.2.1 Theoretical background
Electrical conduction in MIM structures is divided into two categories: (i) electrode-limited
and (ii) bulk-limited conduction [118][119]. The former, called also injection-limited con-
duction is observed in case of the structures where metal electrode forms blocking contact
with the oxide and it dominates the current transport mechanism(s). Bulk-limited conduction
is observed in structures where metal electrode forms an ohmic contact with the oxide and
the current transport is related to the properties of the oxide [118][119]. It should be kept
in mind that determination of the exact conduction mechanism(s) in oxide requires careful
examination because different mechanisms can dominate certain temperature and/or voltage
ranges [120].
Electrode-limited conduction mechanisms
The main mechanisms of carrier transport within the group of electrode-limited conduc-
tion mechanisms are thermionic emission (Schottky emission) and quantum mechanical tun-
nelling (direct tunnelling, Fowler-Nordheim tunnelling).
Thermionic (Schottky) emission
Thermionic emission refers to the current induced by thermally activated emission of charge
carriers into the solid oxide. Charge carriers (electrons or ions), due to the gained thermal
energy, can overcome the potential barrier (Schottky barrier) formed at the interface between
the metal electrode and the oxide. Current induced by the thermionic emission is described
by Eq. 4.1 [120] as follows:
J = A∗T 2exp
[
−q(φB −
√
qE/4πεrε0)
kBT
]
, (4.1)
where J is the current density, A* is the effective Richardson constant and A∗ = 4πqk
2
B
m∗
~3
=
120m∗
m0
, T is absolute temperature, q is the electric charge, φB is the potential barrier height,
i.e. the difference between the Fermi level of the metal electrode and the conduction band
edge of the semiconductor [118], E is the electric field within the oxide, εr is the optical
dielectric constant, i.e. dynamic dielectric constant, ε0 is the permittivity in vacuum, kB is
the Boltzmann’s constant, m0 is the free electron mass, m* is the effective electron mass in
oxide and ~ is the Planck’s constant.
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Relation between logJ and E0.5 at fixed temperature and between log
(
JSE
T
)
and 1/T at fixed
electric field for a standard Schottky emission is linear [118].
Direct tunnelling and Fowler-Nordheim tunnelling
Tunnelling (tunnel emission) is a quantum mechanical phenomenon and can be described
only if the wave nature of the particle is considered. In this process, the electron wave func-
tion penetrates through a potential barrier [120]. In case of sufficiently thin (approximately
3 nm [121]) oxide and/or large amount of imperfections (traps), electrons can tunnel directly
from one electrode to the other one. This induces the current which does not involve a move-
ment of carriers in the conduction (or valence) band of the oxide [118]. In the high electric
field, electron tunnel through the potential barrier from a metal electrode into the oxide. This
process is defined as a field emission or Fowler-Nordheim (FN) tunnelling [118]. Current
due to FN tunnelling is expressed by Eq. 4.2 [119]:
J =
q3E2
8πhqφB
exp
[
−8π(2qm∗T )
0.5
3hE
φ
3/2
B
]
, (4.2)
wherem∗T refers to the tunnelling effective mass in oxide.
Tunnelling depends strongly on electric field (applied bias) but is independent of the tem-
perature [120]. In case of FN as a dominating conduction mechanism, relation between
log(J/E)2 and 1/E is linear. The slope of the latter remains independent of temperature.
Bulk-limited conduction mechanisms
The mechanisms of carrier transport in the group of bulk-limited conduction mechanisms
include Poole-Frenkel emission (PF), space-charge limited conduction (SCL), ohmic con-
duction, hopping conduction, grain-boundary limited conduction, etc [119].
Poole-Frenkel emission
Mechanism of Poole-Frenkel emission is based on the thermal excitation (detrapping) of
trapped electrons or holes enhanced by the electric field. This mechanism assumes that
probability of thermal excitation of trapped charge carriers increases with increasing elec-
tric field due to the lowering of the traps potential barriers [118]. The current induced by
Poole-Frenkel emission is expressed by Eq. 4.3 [119]:
J = qµNCexp
[
−q(φT −
√
qE/πεrε0)
kBT
]
, (4.3)
where µ, NC and qφT denote electric charge mobility, density of states in the conduction
band and trap density, respectively.
Electrical transport due to the Poole-Frenkel emission results in the symmetrical IV curve
with respect to both positive and negative biases [122] and it can be identified by linearity of
experimental data in a plot of ln(J/E) versus E1/2. In addition, the barrier height of traps can
be extracted from intercept of such plot [119].
Space-charge limited conduction
Space charge refers to the space filled with the net positive or negative charge [118]. It
forms, for example, when cathode emits more electrons than can be compensated by the
given “space” [120]. In such a case, even when insulator or semiconductor itself is intrinsic,
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the amount of injected carriers is much higher than those generated thermally in the oxide. If
the rate of charge carrier injection exceeds the rate of carrier recombination, injected carriers
form a space charge and limit the current flow. The latter is controlled by the extrinsic
electrical conduction in the space charge region and the corresponding transport mechanism
is called space-charge limited (SCL) conduction [118]. Material properties of the oxide
define the behaviour of the injected charge carriers, and therefore SCL is a bulk limited
conduction.
The injected charge carrier density decreases with the increasing distance from the inject-
ing electrode and reaches eventually the level of thermally generated free carriers. At the
low applied voltages, in case of prevailing amount of thermally generated carriers over the
injected ones, electrical transport follows the Ohm’s law and I ∝ V [118].
In case of the ideal oxide without the traps, ohmic current turns into trap-free SCL current
described by Mott-Gurney equation (called square law for trap-free SCL currents) expressed
by Eq. 4.4 [118]:
J =
9
8
ε0εrµ
V 2
d3
. (4.4)
In the region of trap-free SCL conduction current is proportional to V2. Transition between
ohmic and SCL conduction occurs gradually and is defined by VΩ, i.e. by voltage at which
the departure from Ohm’s law is observed [118].
In the reality, however, all materials contain defects (chemical, microstructural, etc.) which
act as a traps for the injected carriers and therefore influence the SCL current. In general,
depending on their energy levels, traps are divided into the shallow and the deep traps. Traps
can be confined in discrete energy levels in the forbidden gap, or may follow the quasi-
continuous distribution of energy levels [118]. Presence of traps in the oxide shifts the VΩ
into the higher value.
In case of shallow traps, trapping level Et is above the quasi-Fermi level of the trap in
thermal equilibrium Et0, i.e. Et > Et0. Assuming the case of single carrier injection and
presence of shallow traps in the oxide, at VΩ ohmic conduction changes into trap-controlled
SCL conduction described by Eq. 4.5 [118]:
J =
9
8
ε0εrµθa
V 2
d3
(4.5)
where θa is the ratio of free carrier density to total (i.e. free and trapped) carrier density.
Based on Eq. 4.5, in the trap-controlled SCL conduction region I is proportional to V2,
similar to the case of trap-free SCL conduction. In this case further increase in the applied
bias leads to the filling of the traps. Change from the trap-controlled to the trap-free SCL
current occurs at the threshold voltage VTFL, where TFL stands for traps-filled limit. When all
traps are filled, the injected carriers can move freely, current rapidly increases and eventually
follows the Mott-Gurney equation (Eq. 4.4). If oxide contains shallow traps, VTFL denotes
that all unfilled traps are completely filled [118].
In case of deep traps, trapping level Et is below the quasi-Fermi level of the trap in thermal
equilibrium Et0, i.e. Et < Et0. All injected carriers are captured by the deep traps and VTFL is
considered as the VΩ. Current-voltage characteristics follow the I∝V relation until reaching
VTFL when transition from ohmic to the trap-free SCL current occurs [118].
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Hopping conduction
Electrical transport by hopping process has been mainly associated with the ionic conduction
in which ion movement occurs by hopping through interstitials or vacancies. It has been
proposed that electronic conduction can proceed in a similar manner what has been applied
to the electron conduction in amorphous and disordered non-metallic solids. Probability of
the hopping process is influenced by the distance between the sites and the potential barrier
which has to be overcome. Depending on the electron-lattice interaction, charge transport
follows the hopping or band conduction model (tunnelling). When electron is localized and
remains on the lattice site, so-called polaron is formed. In this case, in order to move (hop)
to the neighbouring site, electron needs to gain the energy (activation energy) to overcome
the barrier height which equal to the binding energy of the polaron. Polaron is regarded
as a quasi-particle comprising an electron and accompanying polarization field. Large and
small polarons are distinguished, depending on the extension of the lattice distortion induced
by the polarization due to the polaron. For example, electron-phonon coupling observed in
molecular crystals is strong and of short range, therefore the lattice distortion is small (within
the range of lattice constant around electron) and formed polarons are referred to as small
polarons. In general, any polaron is defined by a narrow band of energy of width decreasing
with the increasing temperature. Accordingly, transport of polarons might occur by motion
in a band in case of non-localized polarons or by thermally activated hopping observed for
localized polarons [118].
Current induced by hopping mechanism can be expressed by Eq. 4.6 as follows [119]:
J = qanν
[
qaE
kBT
−
EA
kBT
]
, (4.6)
where a, n and ν correspond to the mean hopping distance, the electron concentration in the
conduction band of oxide and the frequency of thermal vibration of electrons at the trap sites.
As already discussed in Section 3.1.4, conductivity in YMnO3 ceramics has been at-
tributed the hopping of holes localized as a small polarons at Mn4+ from site to site among
localized levels at Mn cations [92]. Model of variable-range hopping [123] has been em-
ployed for explanation of the conduction mechanism in doped, hexagonal YMnO3 [124] and
in mixed-valence manganites with the perovskite structure [125][126].
4.2.2 Electrical contact between gold and YMnO3
Electrical contact is defined as a contact between metal (referred to as electrode) and oxide
or any other nonmetallic material. Depending on the work functions of electrode and of ox-
ide, electrical contacts are divided into neutral, blocking (so-called Schottky) or ohmic (i.e.
enabling carrier injection) contacts [118][120]. Electrical contacts between electrodes and
memristive oxide play a very important, if not crucial, role in resistive switching phenomena.
Very often resistive switching is observed only in case of blocking electrodes whereas ohmic
contacts formed with the same material result in the symmetric current-voltage characteris-
tics with no memristive hysteresis [127][128].
Nature of electrical contact between gold, which is mostly used as top electrode (TE)
in this work, and YMnO3 films has been investigated in the four-point IV measurements
(van der Pauw configuration). In order to avoid any possible influence of bottom electrode,
YMnO3 was deposited on bare substrates, i.e. on (0001)-Al2O3 (sample D1) and on 400 nm
SiO2/p-Si (sample E1). Growth conditions used for pulsed laser deposition (PLD) of YMnO3
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were the same as the ones used for PLD of YMnO3 on metal-coated substrates with pO2 =
0.180 mbar. The number of pulses during PLD equalled to 6000 and 12000 in case of 400 nm
SiO2/p-Si and (0001)-Al2O3 substrates, respectively (see Table 4.1). Results of temperature-
dependent electrical characterization of Au/YMnO3/oxide substrate in TE-TE configuration
are presented in Fig. 4.6. Current-voltage (IV) characteristics (Fig. 4.6 a) indicate symmet-
ric, linear behaviour in case of Au/YMnO3/Al2O3 structures what suggests an ohmic contact
between Au top electrode and YMnO3. In case of Au/YMnO3/400 nm SiO2/p-Si, deviations
form symmetrical and linear character of IV curves is observed. The discrepancy is less
pronounced at elevated temperature (395 K). This suggests that carrier injection from the
gold TEs followed by ohmic conduction is disturbed, for example, by trapping processes at
the interface states (trapping centres) formed at YMnO3/400 nm SiO2 interface and/or mi-
crostructural defects. In addition, YMnO3 in this case is thinner what might also influence the
results of electrical characterization. In summary, Au forms an ohmic contact with YMnO3.
Similar type of contact is expected to be formed between YMnO3 and other metals with high
work function. These conclusions stand in agreement with reports on Au/orthorhombic (o)
YMnO3 [117], Pt/hexagonal (h) YMnO3 [106], Pt/o-YMnO3 [129] contacts and with other
works concerning metal/manganite/metal junctions [127][128].
Fig. 4.6: Temperature-dependent IV (a) and resistance (b) characteristics of Au/YMnO3/(0001)-Al2O3 struc-
tures (sample D1) and Au/YMnO3/400 nm SiO2/p-Si (sample E1) measured in the van der Pauw (4-point)
configuration. Sample overview is given in Table 4.1.
Fig. 4.6 b presents relation between resistance of YMnO3 and temperature. It can be seen
that resistance of both films decreases exponentially with increasing temperature, confirm-
ing semiconducting nature of YMnO3. As discussed in Section 3.1.4, YMnO3 is a p-type
semiconductor with conduction mechanism assigned to the small polaron hopping (i.e. hop-
ping of holes localized as a polarons at Mn4+ from site to site among localized levels at Mn
cations) [92][95][104][94][78]. The exponential decrease of resistance (R) with increasing
temperature (T) can be described by an Arrhenius-type relation expressed by Equation 4.7
as follows [94]:
R = rsexp
(
−
EA
kBT
)
, (4.7)
where rs, EA and kB correspond to preexponential factor, activation energy and Boltzmann
constant.
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According to the calculations, EA equals to 0.266 eV and 0.468 eV in case of YMnO3 de-
posited on 400 nm SiO2/p-Si and (0001)-Al2O3 substrates, respectively. Obtained values are
in agreement with published data where EA varies between 0.26 eV [93] and 0.63 eV [92] in
the temperature range between 25°C and approximately 300°C. In general, activation energy
decreases for higher impurity concentration if these impurities contribute to the enhancement
of conductivity [118]. In addition, shift in valence state of manganese cations in YMnO3,
also results in change of EA (EA decreases with increasing Mn4+ content [103][104][105]).
Therefore, observed difference in value of EA is attributed to the microstructural and com-
positional variations between YMnO3 films originating from deposition on two different
substrates (400 nm SiO2/p-Si and (0001)-Al2O3).
Determination of the type of conductivity of YMnO3 films investigated in this work by
measurements of Hall and Seebeck coefficients could not be achieved due to the too small
conductivity of YMnO3 films and/or charge carrier mobility. Fig. 4.7 presents the results
of Hall measurements obtained on the non-stoichiometric YMnO3 film deposited by PLD
on 400 nm SiO2/p-Si substrates at TS= 800°C and pO2=0.18 mbar. Chemical composi-
tion of the ceramic PLD target was Y0.95Mn1.05O3. YMnO3 films deposited at these con-
ditions are conductive and Hall measurements clearly indicate p-type conductivity. Concen-
tration of free carriers (holes) calculated according to the results of Hall measurements equal
NA=3.0×1018cm-3.
Fig. 4.7: Results of Hall measurements of conductive, non-stoichiometric YMnO3 deposited on 400 nm
SiO2/p-Si substrates. YMnO3 was deposited by PLD at TS= 800°C and pO2=0.18 mbar and with the use of
Y0.95Mn1.05O3 ceramic target.
4.2.3 Au/YMnO3/Pt/Ti/SiO2/Si
Electrical characterization of as-prepared Au/YMnO3/Pt/Ti/SiO2/Si indicate presence of junc-
tions that are of high-, intermediate- and low conductivity in case of sample A1 and that are
of high- and low conductivity in case of sample A2. This non-uniform conductivity over the
sample area indicates that films are non-homogeneous. The latter includes film thickness,
microstructural properties and chemical composition. According to the results of SEM (Fig.
4.1) and AFM (Fig. 4.2 and 4.3), films are not dense and of high roughness. This leads to
the non-uniform electric field when bias is applied between top and bottom electrode and to
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the pronounced contribution of grain boundaries into the conductivity of the films. In gen-
eral, grain boundaries act as the energetically favourable regions which attract point defects
[53][130][131]. In consequence, conductive paths which shunt top and bottom electrodes
are formed what leads to the observed initially conductive junctions.
Initial resistance (R0, read out at V = 0.2 V) of all measured junctions on sample A1 and
A2, plotted against the size of top electrode, is presented in Fig. 4.8 a and c, respectively.
R0 can be grouped into three categories: high-, intermediate- and low resistance. In case of
sample A1, only high resistance depends on the contact size with the values increasing for
decreasing size of TEs. In case of sample A2, the same trend is observed for both low- and
high initial resistance.
IV characteristics corresponding to the initially conducting and insulating junctions (low
and high R0, respectively) of sample A1 and A2 are presented in Fig. 4.8 b and d, respec-
tively. Measured IV curves, regardless of the initial conductivity, are linear and symmetric
for both samples. This confirms the ohmic contacts formed between metal electrodes (Au
and Pt) and YMnO3.
Fig. 4.8: Initial resistance (R0) dependence on the contact diameter (a, c) and IV characteristics presenting
initially conductive (LRS) and insulating (HRS) junctions (b, d) of as-prepared Au/YMnO3/200 nm Pt/50 nm
Ti/500 nm SiO2/Si junctions with YMnO3 grown at pO2 = 0.180 mbar (a, b) and pO2 = 0.018 mbar (c, d). Lines
in (a) are guidelines for eyes only. Sample overview is given in Table 4.1.
Conduction mechanisms dominating the electrical transport properties of as-prepared Au/
YMnO3/200 nm Pt/50 nm Ti/500 nm SiO2/Si junctions A1 and A2 were analysed in more
detail. As discussed above, Au and Pt electrodes form ohmic contacts with YMnO3 there-
fore conductivity is controlled by film “bulk” properties. In addition, the IV characteristics,
regardless of the initial state, are temperature dependent (not shown here) what discards
tunnelling-related conduction mechanisms (i.e. direct and Fowler-Nordheim tunnelling).
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The analyses were carried out on the data collected by full clockwise (CW) voltage sweep
presented in Fig. 4.8 b, d. The maximum voltage amplitude was set to V = +2 V (what
corresponds to the electric field E of 125 kV/cm and 111 kV/cm for sample A1 and A2, re-
spectively), however in case of conductive junctions voltage was limited to approximately 0.5
V by the compliance current. Results of conducted study on sample A1 and A2, presented
on the plots of log|I|-log|V|, are shown in Fig. 4.9 and Fig. 4.10, respectively. Through-
out the text of dissertation, plots presenting the results of analysis concerning conduction
mechanisms are organized as follows: experimental data are denoted by points, linear fits
are represented by solid black lines, “s” corresponds to the slope of the linear fit to the ex-
perimental data. Branch 1, 2, 3 and 4 represent the IV data collected in 0 V to Vmax, Vmax to
0 V, 0 V to -Vmax, and -Vmax to 0 V regions.
Fig. 4.9: Conduction mechanism of as-prepared Au/YMnO3/200 nm Pt/50 nm Ti/500 nm SiO2/Si junctions
with YMnO3 grown at pO2 = 0.180 mbar. Analyses of IV data presented in Fig. 4.8 b reveal that the electrical
transport follows the space-charge limited (SCL) conduction mechanism. Pristine junctions are of low (a-d) or
high (e-h) conductivity. Slope (s) of the linear fit to the experimental data close to 1.0 and 1.4 indicates ohmic
(a-h) and trap-influenced SCL (a-d) conduction. Sample overview is given in Table 4.1.
Fig. 4.10: Conduction mechanism of as-prepared Au/YMnO3/200 nm Pt/50 nm Ti/500 nm SiO2/Si junctions
with YMnO3 grown at pO2 = 0.018 mbar. Pristine junctions are of low (a-d) or high (e-h) conductivity. Slope (s)
of the linear fit to the experimental data close to 1.0 indicate that electrical transport in both, initially conductive
and insulating states is governed by ohmic conduction (a-h). Sample overview is given in Table 4.1.
In case of initially insulating A1 junctions, results indicate the best fit of the experimental
data to the ohmic conduction mechanism in the low-field region (0 V to 0.3 V, s = 1.1) which
becomes trap-influenced space-charge limited (SCL) conduction in the higher electric field
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(0.3 V to 2 V, s = 1.4). Because value of “s” is in the range between 1 (corresponding to
the ohmic conduction, I∝V), and 2 (corresponding to the trap-controlled SCL conduction,
I∝V2), conduction mechanism is referred to as trap-influenced space-charge limited (SCL)
conduction.
In case of initially conductive A1 junctions, the results of analyses of IV data collected
in the investigated voltage region reveal the ohmic conduction mechanism (s = 1.0). In the
investigated voltage range, electrical transport of both, initially conductive and insulating A2
junctions, is assigned to the ohmic conduction mechanism (s = 1.0).
Electrical transport by ohmic conduction mechanism is induced by the movement of elec-
trons or holes in the conduction or valence band of oxide, respectively. Current follows the
Ohm’s law and remains in linear relation with applied voltage. Transition between ohmic
and trap-controlled SCL region occurs at VΩ and the contribution of charge trapping at the
shallow traps (e.g. point defect) to the conduction process becomes substantial [118]. The
higher concentration of shallow (deep) traps in the sample, the higher value of VΩ (VTFL).
In case of initially insulating state, the transition between ohmic and trap-controlled SCL
currents is observed only for sample A1. That suggests that sample A2 contains more traps
which influence the electrical transport in the investigated range of electric field and which
effectively shift the VΩ towards higher value. This trend agrees with the predictions based
on the different pO2 used for the deposition of YMnO3 in sample A1 and A2. PLD growth
conditions affect not only the microstructural (e.g. grain boundaries and size of the grains,
as revealed by SEM and AFM presented in Fig. 4.1 and in Figs. 4.2, 4.3, respectively) but
also the compositional properties of the deposited films. It is expected that in case of sample
A2 more oxygen vacancies and related manganese-valence defects are formed, both acting
as a charge traps.
4.2.4 Au/YMnO3/Pt/Al2O3
YMnO3 thin films investigated in the framework of this dissertation are grown by pulsed
laser deposition at the substrate temperature (TS) of 800°C. Lowering of TS results in amor-
phous YMnO3 (results not presented here). Therefore, TS = 800°C is inevitable for growth of
crystalline YMnO3 films. In addition, as discussed further in Section 4.3.3, crystalline phase
of YMnO3, at least in the investigated film thickness range (above 100 nm), is required
for unipolar resistive switching. It is expected that at 800°C pronounced inter-diffusion
and mixing between Ti adhesion layer and Pt bottom electrode occurs, as presented in Ref.
[132][133][134]. These high-temperature processes induce deformation of bottom electrode
and in consequence significantly influence both, the growth of YMnO3 and quality of pre-
pared MIM stacks. On the other hand, it has been reported that use of Pt bottom electrode
with Ti adhesion layer is required for inducement of bipolar resistive switching in BiFeO3
[135] and enhances electro-forming process in TiO2 [136] and in SrRuO3/Cr-doped SrZrO3
heterostructures [137].
In order to verify the influence of Ti adhesion layer on the resistive switching behaviour
of YMnO3, samples B1 and B2 were deposited on Pt-coated (0001)-Al2O3 (PA) substrates.
Growth conditions used for deposition of YMnO3 in sample B1 and B2 were kept the same as
in case of samples A1 and A2, respectively (see Table 4.1). The structural, microstructural,
and surface properties of the YMnO3 films deposited on PA substrates differ significantly
from the corresponding ones deposited on 200 nm Pt/50 nm Ti/500 nm SiO2/Si (PTS) sub-
strates (see Section 4.1). To gain a better insight into the role of metal electrodes on resistive
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switching, two kind of top electrodes (TEs) were prepared. The gold TEs were prepared in
the same procedure as in the case of other samples (room temperature DC-magnetron sput-
tering). The Pt TEs were prepared by e-beam evaporation at room temperature. In case of Pt
TEs, less interaction (e.g. sputtering, surface intermixing) with YMnO3 during evaporation
is expected as well as the better adhesion and stability (thermal stability, less pronounced
mobility) when compared to the Au TEs.
Initial resistance (R0) of the measured junctions on sample B1 and B2 is shown in Fig. 4.11
a and c, respectively. The IV curves indicating conductive and insulating states of pristine
B1 and B2 junctions are presented in Fig. 4.11 b and d, respectively. Results collected on
Pt/YMnO3/100 nm Pt/Al2O3 structures are also included. As-prepared junctions with Au
TEs, similar to samples A1 and A2, are whether conducting, or insulating. In case of Pt TEs,
as-prepared junctions are insulating in case of sample B1 and mostly insulating in case of
sample B2. This observation supports the claim that the low resistivity of pristine junctions
(A1, A2, B1, B2) is caused by shunting of TE and BE by conductive paths which contains
also metal of TEs. Initially conductive state of YMnO3 junctions is observed mostly when
Au TEs are used. It is expected that gold diffuses along the grain boundaries and contributes
to the formation of conductive shunts.
Fig. 4.11: Initial resistance (R0) dependence on the contact diameter (a, c) and IV characteristics presenting
initially conductive (LRS) and insulating (HRS) junctions (b, d) of as-prepared Au/YMnO3/100 nm Pt/Al2O3
junctions with YMnO3 grown at pO2 = 0.180 mbar (a, b) and pO2 = 0.018 mbar (c, d). Lines in (a, c) are
guidelines for eyes only. Sample overview is given in Table 4.1.
Electrical transport properties of as-prepared Au(Pt)/YMnO3/100 nm Pt/Al2O3 junctions
were analysed regarding the conduction mechanism in the similar manner as in the case of
samples A1 and A2. Results of analyses of IV data shown in Fig. 4.11 b and d are presented
in Fig. 4.12 and 4.13, respectively. It can be seen that the conduction mechanisms of elec-
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trical transport in Au(Pt)/YMnO3/PA structures are the same as in case of Au/YMnO3/PTS
structures. In case of initially insulating B1 junctions, observed current is assigned to the
ohmic and trap-influenced conduction in the low (0 V to 0.5 V) and enhanced (0.5 V to 2 V)
electric field. Current in the low electric field is the same for both Au and Pt top electrodes
(s = 1.1). For higher applied voltages, current for junctions with Au TEs transforms into the
trap-influenced (s = 1.6) whereas for junctions with Pt TEs it remains ohmic (s = 1.1). In
addition, level of current in Pt/YMnO3/PA is lower in the enhanced electric field than in case
of the Au/YMnO3/PA.
Fig. 4.12: Conduction mechanism of as-prepared Au/YMnO3/100 nm Pt/Al2O3 junctions with YMnO3 grown
at pO2 = 0.180 mbar. Pristine junctions are of low (a-d) or high (e-h) conductivity. Slope (s) of the linear fit
to the experimental data close to 1.0 indicates ohmic conduction (a-h). S close to 1.6 suggests trap-influenced
space-charge limited conduction (a-d). Sample overview is given in Table 4.1.
Fig. 4.13: Conduction mechanism of as-prepared Au/YMnO3/100 nm Pt/Al2O3 junctions with YMnO3 grown
at pO2 = 0.018 mbar. Pristine junctions are of low (a-d) or high (e-h) conductivity. Slope (s) of the linear fit to
the experimental data close to 1.0 indicate ohmic conduction (a-h). Sample overview is given in Table 4.1.
Pristine, insulating B2 junctions exhibit ohmic conduction for both types of TEs (Au and
Pt) in the whole range of investigated voltage with the slope of linear fit to experimental data
s = 1.1 or s = 1.2. B2 junctions with Pt TEs exhibit initially lower conductivity when com-
pared to the Au TEs in the whole range of applied bias. Conduction mechanism of initially
conductive B1 and B2 junctions was verified only for structures with Au TEs and in both
cases (B1 and B2), current follows ohmic behaviour (s = 1.0).
In summary, electrical transport of hexagonal, polycrystalline YMnO3 films deposited on
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metal-coated substrates follows the space-charge limited conduction mechanism. Based on
the conducted analyses and estimated VΩ, it can be concluded that samples A1 (VΩ = 0.3
V) and B1 (VΩ = 0.5 V) contain less charge traps than samples A2 and B2 (no VΩ in in-
vestigated voltage range). Similar results are reported for TiOx where transition for ohmic
to trap-controlled SCL currents and TFL region shift towards higher values of voltage for
smaller x (i.e. higher concentration of oxygen vacancies) [138]. From the viewpoint of
electrical transport properties, YMnO3 films deposited on different substrates do not differ
significantly. In general, films deposited at higher pO2 (A1, B1) during PLD are initially
more insulating. Junctions with Au top electrodes prepared by the magnetron sputtering
tend to exhibit more frequently initially high conductivity in comparison to the structures
with the evaporated Pt top electrodes. High conductivity of pristine junctions is attributed to
the formation of conductive paths within the films which shunt the electrodes.
4.2.5 Au/YMnO3/Nb:SrTiO3
Prior to the electrical characterization of Au/YMnO3/Nb:SrTiO3 (Au/YMO/NbSTO) struc-
tures, aluminium electrodes were sputtered on the NbSTO substrates (see Fig. 4.5). This
provided an ohmic contact between the bottom electrode (BE), i.e. NbSTO and the nee-
dle of the probe station. The current density-voltage (JV) characteristics of as-prepared
C1 and C2 Au/YMO/NbSTO junctions are presented in Fig. 4.14 a and d, respectively.
In contrast to the samples A (Fig. 4.8) and B (Fig. 4.11), they exhibit rectifying be-
haviour. As discussed above, gold and aluminium TEs form ohmic contacts with YMnO3
and NbSTO, respectively. YMnO3 is a p-type semiconductor [95], whereas NbSTO is a
n-type one due to the substitution of Ti4+ with Nb5+. Therefore, rectifying character of
Au/YMO/NbSTO/Al junctions is attributed to the YMO/NbSTO interface which forms a
pn-heterojunction. Rectifying IV characteristics of similar structures have been reported
for Au/o-YMO/NbSTO/Ag [117], in/h-YMO/NbSTO/In [139], In/h-YMO/GaN [140] and
Au/o-TbMnO3/NbSTO/In [141], where “o” and “h” correspond to orthorhombic and hexag-
onal phase, respectively.
According to the results of XRD (Fig. 4.4), YMO deposited on NbSTO substrates crystal-
lizes in orthorhombic structure. Theoretical calculations indicate that the most energetically
favourable intrinsic defect in stoichiometric, orthorhombic YMO is Schottky disorder in-
volving yttrium cations [142]. Different oxygen partial pressure used for growth of YMO
leads to the change of the manganese valence and results in the formation of oxygen or yt-
trium vacancies (in o-YMO with oxygen deficiency or excess, respectively) [142]. Under
reducing conditions used for PLD of YMO in this study, presence of yttrium vacancies (VY)
is expected (see Appendix B). Concentration of VY increases with higher pO2 and leads to
the increase of hole concentration. Accordingly, sample C1 (with YMO deposited at pO2 =
0.180 mbar) is expected to be more conductive when compared to sample C2 (with YMO
deposited at pO2 = 0.018 mbar). Rectifying characteristics of as-prepared Au/YMO/NbSTO
pn-heterojunctions C1 and C2 presented in Fig. 4.14 a and d, respectively, are regarded as
an indirect proof of the p-type conductivity of YMnO3 thin films used in this study (both
hexagonal and orthorhombic) at room temperature.
Initial resistance (R0) of all tested as-prepared Au/YMO/NbSTO/Al pn-heterojunctions
C1 and C2 is high and scales with the size of the top electrodes, as shown in Fig. 4.14 b,
e. R0 increases for smaller diameter of TE in forward (IV branch 1) and reverse (IV branch
4) bias regions. This trend is observed also in case of samples A and B, however all tested
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Fig. 4.14: Transport properties of pristine Au/YMnO3/Nb:SrTiO3 pn-heterojunctions with YMnO3 grown at
pO2 = 0.180 mbar (a, b, c) and pO2 = 0.018 mbar (d, e, f): low-field JV characteristics (a, d), contact (TE)
diameter dependence on the initial resistance (b, e) and resistance (read out at V = +0.20 V) dependence on
temperature (c, f). Resistance of both samples increases for smaller TEs and decreases exponentially with
increasing temperature. Insets in (c, f) display an Arrhenius-type relation between resistance and temperature.
Diameter (area) of TEs in (c, f) equals to 759 µm (A=45.3×10-4cm2). Sample overview is given in Table 4.1.
junctions C1 and C2 are initially insulating and without conductive shunts. That proves the
homogeneous structure and conduction of as-prepared Au/YMO/NbSTO pn-heterojunctions.
Fig. 4.14 c and f presents the dependencies of resistance of junctions C1 and C2, respec-
tively, on temperature. Likewise in case of YMO films deposited on bare substrates (Fig.
4.6), RT characteristics reflect the semiconducting properties. Acquired data were modelled
assuming an Arrhenius-type relation (Eq. 4.7), as shown in the insets in Fig. 4.14 c, f. Ex-
tracted activation energies of conduction in sample C1 and C2 equal to EA = 0.50 ± 0.03 eV
and EA = 0.52 ± 0.00 eV, respectively. These values are higher than EA = 0.27 eV and EA
= 0.47 eV obtained in this study for YMnO3 films deposited on 400 nm SiO2/p-Si and on
Al2O3.
Conduction mechanism of as-prepared Au/YMO/NbSTO pn-heterojunctions was studied
on the data collected by the full CW voltage sweep with the maximum voltage amplitude of
+2 V (what corresponds to the electric field E of 200 kV/cm and 211 kV/cm for sample C1
and C2, respectively), as presented in Fig. 4.15 a, d. In the temperature range between 21°C
and 100°C both forward and reverse currents depend on the temperature. Therefore, direct
tunnelling and Fowler-Nordheim tunnelling were discarded as a possible conduction mecha-
nisms. Because of the asymmetry of IV curves, also Poole-Frenkel model of conduction was
not taken into account.
Current-voltage characteristics of ideal pn-junction is described by Shockley equation (Eq.
4.8) [120]:
I = I0
[
exp
qV
kBT
− 1
]
, (4.8)
where I, I0, q, V, kB, and T denote junction current, junction saturation current, elementary
charge, applied voltage, Boltzmann constant, and temperature, respectively.
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In practice, real pn-junctions deviate from the ideal case and Shockley equation does not
describe accurately the current of the junctions. The main factors contributing to the devia-
tions are (1) generation and recombination of carriers in the depletion layer, (2) high injection
of carriers, (3) parasitic drop due to series resistance, (4) tunnelling of carriers between states
in the band gap, and (5) surface effects [120].
Analysis of the conduction mechanism of Au/YMO/NbSTO pn-heterojunctions indicate
that the best fit to the acquired IV data is obtained for the space-charge limited (SCL) con-
duction model for both forward (Fig. 4.15 b, e) and reverse (Fig. 4.15 c, f) currents. In the
low-field range, as seen in Fig. 4.14 and in Fig. 4.15 a, d, IV characteristics reveal stored-
charge effect (SCE). The latter is related to the transient behaviour of pn-junctions and is
observed at the transitions from forward (reverse) to reverse (forward) bias [120].
The Au/YMO/NbSTO/Al pn-heterojunctions represent the case of non-ideal pn-junctions,
where point defects were introduced in purpose to enhance the resistive switching. There-
fore, deviation from ideal IV characteristics described by Shockley equation (Eq. 4.8) and
SCL conduction mechanism is not surprising. Conduction mechanisms reported for the sim-
ilar junctions include the thermionic emission through o-TbMnO3/NbSTO interface [141]
and the ohmic-like followed by SCL in LiNbO3/NbSTO [122] in case of the forward cur-
rents. Reverse current in the latter structure has been assigned to the Schottky emission.
Leakage current in In/h-YMO/GaN has been identified as the ohmic and SCL conduction
[140].
Fig. 4.15: Conduction mechanisms in pristine Au/YMnO3/Nb:SrTiO3 pn-heterojunctions with the YMnO3
grown at pO2 = 0.180 mbar (a - c) and pO2 = 0.018 mbar (d - f). For both samples, stored-charge effect (SCE) is
observed in the low electric fields. Increase of applied bias leads to the space-charge limited (SCL) conduction.
Diameter (area) of TEs in (a-f) equals to 337 µm (A=8.9×10-4cm2). Sample overview is given in Table 4.1.
As presented in Fig. 4.15, transport properties in the region of low electric field are dom-
inated by SCE and/or SCL with the slope of linear fit to the experimental data between 1.8
and 2.6. In the higher electric field, the plots of log|I|-log|V| are steeper and the slope of
linear fit is between 3.3 and 14.0. As previously discussed, SCL current belongs to the group
of bulk-limited currents and is observed in the structures where ohmic contact is formed
between oxide and electrode [118].
In case of pristine Au/YMO/NbSTO junctions, one-carrier injection SCL is assumed to
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take place, i.e. current flow is caused only by holes (majority carriers in YMO) injected from
the anode into the valence band of YMO. SCL is controlled by traps created by chemical
and microstructural defects of the oxide [118]. In case of the presence of shallow traps in
the oxide, three regions in log|I|-log|V| are distinguished [118][138]. The first one, at the
lowest electric field, is described by Ohm’s law (I∝V). As the electric field increases and
the density of injected carriers exceeds the density of thermally generated carriers, ohmic
conduction transforms into the trap-controlled SCL conduction at VΩ and I is proportional
to V2. Injected carriers are captured by the charge traps, e.g. hole traps release an electron
to the valence band upon capturing of the injected holes. At the VTFL, when all traps are
filled, subsequently injected carriers are free to move in the oxide, current rapidly increases
and eventually follows the Mott-Gurney equation (Eq. 4.4), i.e. I∝V2. Transition between
trap-controlled and trap-free SCL current is called trap filled limit (TFL). Depending on the
distribution of traps within the forbidden energy gap of oxide, IV characteristics in the TFL
region follow I∝Vs relation, with s > 2.
As presented in Fig. 4.15 b, c, conduction mechanism of sample C1 is divided into SCE,
trap-controlled SCL (s close to 2), and TFL (s larger than 2) regions in case of IV branch
1 and 2. IV branch 3 and 4 indicate SCE and TFL current. In case of sample C2, forward
bias (IV branch 1, 2) is governed by trap-controlled SCL and TFL conduction (Fig. 4.15 e).
Reverse bias (IV branch 3, 4, Fig. 4.15 f) is limited by SCE in the low electric. At the higher
electric field, IV branches 3 and 4 follow the trap-controlled SCL and TFL conduction, and
TFL conduction, respectively.
Values of slopes (“s”) describing the SCL conduction obtained for samples C1 and C2 are
higher than in case of samples A and B. This can be attributed to the smaller concentration of
traps (end therefore smaller VΩ and VTFL), smaller thickness of films C1 and C2 and conse-
quently higher electric filed when compared to the samples A and B (more injected carriers),
and to their different microstructural and compositional (no diffusion of metal atoms of BE
into the YMnO3) characteristics.
In summary, YMnO3 deposited on Nb-doped (100)-SrTiO3 substrates are of polycrystalline
orthorhombic YMnO3 phase with nanocrystalline structure (see Section 4.1, Figs. 4.2, 4.3,
4.1, 4.4). The IV characteristics of as-prepared Au/YMO/NbSTO structures are related to
the pn-heterojunction formed at the YMO/NbSTO interface. Transport properties are gov-
erned by SCE and SCL conduction mechanisms at low and high electric fields, respectively.
Results of modelling of the SCL behaviour reveal trap-controlled SCL and TFL currents.
The differences in results of modelled SCL behaviour of sample C1 and C2, i.e. slopes of
linear fits to the experimental datavand voltages of transitions between SCE, trap-controlled
SCL, and TFL regions, are assigned to the variations in their chemical and microstructural
properties which define the concentration of charge traps and their distribution within the for-
bidden gap of YMO. Results obtained in this study are in agreement with the report on SCL
conduction in Ag/La0.7Ca0.3MnO3/Pt heterostructures [143] and with the report on influence
of oxygen vacancies on SCL in Pt/TiOx/Pt [138].
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4.3 Unipolar resistive switching
4.3.1 Introduction
Hypotheses of this dissertation, as presented in the Introduction, claim that hexagonal YMnO3
is a memristive oxide where resistive switching (RS) phenomena is related to the presence
of charged topological defects (e.g. charged domain walls). The latter act as a support for
filament formation and contribute to the electroforming-free RS material.
This section presents and discusses the results on unipolar resistive switching (URS) ob-
served in Au/YMnO3/200 nm Pt/50 nm Ti/500 nm SiO2/Si (Au/YMO/PTS) with both the
polycrystalline and the amorphous YMnO3 and in Au/YMnO3/100 nm Pt/ (0001)-Al2O3
(Au/YMO/PA) structures with polycrystalline YMnO3. URS is defined as a resistive switch-
ing phenomena with the polarity-independent voltage of set (Vset) and reset (Vreset) processes
[49]. Generally accepted mechanism of URS is based on the formation and the rupture of
conductive filaments within insulating/semiconducting memristive layer which shunt top and
bottom electrodes [31].
4.3.2 Polycrystalline, hexagonal YMnO3-based structures
Au/YMnO3/200 nm Pt/50 nm Ti/500 nm SiO2/Si structures
The selected current-voltage (IV) characteristics representing the unipolar resistive switching
of sample A1 and A2 are shown in Fig. 4.16 a, b and c, d, respectively. It can be seen that set
and reset processes are induced by both polarities of applied voltage and they are of abrupt
nature. However, it has been observed that the negative polarity is preferred for the set
process. The example of such behaviour is presented in Fig. 4.16 b. Despite the clockwise
(CW) direction of voltage ramping (i.e. 0 V→ +Vmax→ 0 V→ -Vmax→ 0 V ) for which the
positive set voltage is expected, in total five set processes were induced by the negative bias.
Similarly, despite the counter-clockwise (CCW) direction of voltage ramping (i.e. 0 V →
-Vmax→ 0 V→ +Vmax→ 0 V ), two reset processes were induced by the positive voltage. In
case of set process, both samples reveal randomly only the negative preferential Vset (for CW
bias sweep). In case of reset process, random preferential polarity of Vreset is observed for
both, negative and positive bias (for CW and CCW bias sweeps, respectively). The set and/or
reset processes with the “preferential” polarity occur randomly. The preliminary explanation
of these phenomena concerns the local fluctuations in the microstructure and in chemical
composition of the films.
Results of the retention tests presented in Fig. 4.17 confirm that both samples A1 and A2
exhibit the nonvolatile resistive switching. That means that the internal state of the samples
which is defined by the applied bias (Vset and Vreset) persists also after removing the acting
force, i.e. electric field. During the retention tests, state of the sample was read out every 5
min by VR = 0.2 V, at room temperature. No bias was applied to the junctions at the time
between reading pulses. Presented results indicate a very good stability of written LRS and
HRS for both samples. The memory window is large with ROFF/RON ratio of approximately
105 and 103 for sample A1 and A2, respectively.
In order to gain a better insight into the properties of samples switched into LRS and HRS,
temperature dependent measurements were carried out. The value of resistance (read out by
VR= 0.2 V) of junctions in LRS and HRS were recorded as the function of the increasing
temperature (up to 100°C). The results of these investigations are presented in Fig. 4.17
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b, c. It can be seen that resistance of A1 and A2 junctions switched to the HRS decreases
exponentially with increasing temperature. This indicates that conductivity is of semicon-
ducting character and can be modelled with the Arrhenius-type relation expressed by Eq.
4.7. Values of the activation energy are calculated to be EA = 0.45 ± 0.01 eV and EA = 0.33
± 0.00 eV for sample A1 and A2, respectively. These values stand in agreement with the
published data obtained for the ceramic YMnO3. However, they are higher than EA = 0.27
eV measured in this work for the thin YMnO3 film deposited on bare SiO2/p-Si substrate
(measurement with no bottom electrode, see Section 4.6 for details). As discussed in Sec-
tion 4.6, different values of EA reflect the different chemical composition of samples A1 and
A2. The lower value of EA obtained for sample A2 indicates that the electrical conductivity
in this case is facilitated for example by presence of impurities, manganese valence defects
or structural features. Due to the lower pO2 used for the PLD growth of YMnO3 in sample
A2, higher concentration of point defects, namely oxygen vacancies and reduced manganese
cations (i.e. Mn2+), is expected.
Fig. 4.16: IV characteristics representing unipolar resistive switching in Au/YMnO3/200 nm Pt/50 nm Ti/500
nm SiO2/Si junctions with YMnO3 grown at pO2 = 0.180 mbar (a, b) and at pO2 = 0.018 mbar (c, d). Both reset
(a, c) and set (b, d) processes can be induced by positive and negative bias. Diameter (area) of TEs in (a, b) and
(c, d) equals to 759 µm (A = 45.3×10-4cm2) and to 240 µm (A = 4.5×10-4cm2), respectively. Sample overview
is given in Table 4.1.
Results of the temperature dependence on resistance of samples switched into LRS indi-
cate the opposite trend when compared to HRS. It can be seen that the resistance in this case
increases slightly with the temperature increase. This behaviour is characteristic for metals
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and can be described as follows:
R = rm[1 + α(t− t0)], (4.9)
where rm, α correspond to resistance at t0, temperature coefficient (material specific param-
eter), respectively, and t and t0 are the temperatures in °C.
Fig. 4.17: Characteristics of unipolar resistive switching in Au/YMnO3/200 nm Pt/50 nm Ti/500 nm SiO2/Si
junctions. HRS and LRS of both samples exhibit nonvolatile properties retained in the tests for more than
15 h (a). Resistance-temperature relations (b, c) indicate that HRS and LRS of both samples are of semicon-
ducting and metallic character, respectively. Diameter (area) of TEs in (a) and (b, c) equals to 526 µm (A =
21.7×10-4cm2) and to 759 µm (A = 45.2×10-4cm2), respectively. Sample overview is given in Table 4.1.
The values of α obtained in the fit of Eq. 4.9 to the experimental data equal to 0.0018 ±
0.0003 °C-1 and to 0.0010 ± 0.0000 °C-1 for sample A1 and A2, respectively. The value of
α can be regarded as a material parameter describing the properties of conductive filament.
Values of α reported for metals include for example α = 0.0034 °C-1 for gold and α = 0.0038
°C-1 for platinum [144][145]. In case of resistively switching MIM structures parameter
α is assigned to the characteristics of conductive metallic filaments which were shown to
be dependent on the compliance current [146] and/or structural properties of oxide [147].
Values of α in Pt/amorphous SmGdO3/Pt and in Cu/TaOx/Pt structures vary between 0.0013
°C-1 and 0.0033 °C-1 [146], and between 0.001 °C-1 and 0.004 °C-1 [147], respectively.
According to the obtained results, electroforming (EF) step is not required prior the ob-
served URS in Au/YMO/PTS junctions. As discussed in Sec. 4.2.3, initial resistance (R0,
Fig. 4.8) of samples A1 and A2 varies between values corresponding to the HRS and to
the LRS. Therefore, depending on R0, both set (i.e. HRS → LRS) and reset (i.e. HRS →
LRS) might be the first switching events. The voltage of the first set or reset does not dif-
fer significantly from the following set and reset processes. The IV curves corresponding
to the URS of sample A1 and A2 presented in Fig. 4.16 a, b and c, d, respectively, reflect
the general tendency of more reliable URS behaviour of sample A1. The endurance of both
samples is low and does not exceed 20 cycles in case of sample A1. Sample A2 exhibits
even lower endurance and switching curves presented in Fig. 4.16 c, d summarize URS of
the two different contacts (which is the reason of the two “1st set” curves).
The set process is induced by the application of the high voltage (Vset), generally around
|15| V, with no significant difference in values between negative and positive bias polarity. In
case of sample A2, Vset is somewhat higher. The reset process is triggered by low voltages,
Vreset, below |5| V for both samples and it can not be accomplished if the compliance current
(CC) is set to the low value. Usually CC was kept at the level of 0.5 A. Such a high current
required for set process indicates the indispensable role of Joule heating in it.
In order to gain a better understanding of the physical phenomena involved in URS, the
relation between selected URS characteristics and diameter of top electrodes (TEs) were
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investigated. In addition, these experiments contribute to the estimation of the prospective
scaling down of YMnO3-based memristors. Relations between resistance in HRS (RHRS) and
in LRS (RLRS), |V|switch, |I|switch, Pswitch and Eswitch for both set and reset processes of samples
A1 and A2 are presented in Fig. 4.18 and Fig. 4.19, respectively.
Fig. 4.18: Relation between size of TEs and the RHRS (a), |V|, |I|, P and E of set (b, c) and between the RLRS
(d), |V|, |I|, P and E of reset (e, f) describing the URS properties of Au/YMO/PTS with YMnO3 grown at pO2 =
0.180 mbar (sample A1). Sample overview is given in Table 4.1.
Fig. 4.19: Relation between size of TEs and the RHRS (a), |V|, |I|, P and E of set (b, c) and between the RLRS
(d), |V|, |I|, P and E of reset (e, f) describing the URS properties of Au/YMO/PTS with YMnO3 grown at pO2 =
0.018 mbar (sample A2). Sample overview is given in Table 4.1.
Obtained results indicate that RLRS of both samples remains independent of the size of
TEs. On the contrary, RHRS in case of sample A1 clearly increases (decrease of junction
conductivity) with the decreasing size of TEs. Independence of current on size of TEs in
LRS and decreasing conductivity for smaller TEs in HRS is specific for filamentary resistive
switching [37][48][148][149]. It is expected that the semiconducting properties of junctions
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in HRS do not significantly differ from semiconducting properties of pristine structures and
therefore it can be concluded that HRS is dominated by bulk-limited conductivity.
RHRS of sample A2 (Fig. 4.19 a) can be divided into two groups: the “standard” and
the “intermediate” HRS with resistance of approximately 105 Ω and 103 Ω, respectively.
Relation between the size of TEs and RHRS of sample A2 does not show any clear tendency,
it neither changes systematically nor remains independent of the size of TEs. Relations
between the size of TEs and the selected RS characteristics, i.e. voltage, current, power and
electric field of both set and reset processes, presented in Fig. 4.18 (sample A1) and in Fig.
4.19 (sample A2) show no clear correlations. The only exception is observed in case of |I|set
and Pset of sample A1. In this case, |I|set and Pset increase with the increasing size of TE. This
indicates that current/power required for the filament formation is higher in case of bigger
top electrodes and might be related to the larger diameter of the formed filament, as reported
for Cu/MoOx [150] and Pt/SmGdO3/Pt [146] structures.
Electrical transport properties of Au/YMO/PTS junctions switched to the LRS and HRS
were investigated in more detail. Analyses of the dominating conduction mechanisms were
carried out in the same way as in case of the pristine samples (see Section 4.2.3). Data used
for the numerical analyses were collected in the full CW voltage sweep with Vmax= +2 V
shown in Fig. 4.20. Results obtained for samples A1 and A2 are presented in Fig. 4.21 and
4.22, respectively. Similar to the as-prepared A1 (Fig. 4.9) and A2 (Fig. 4.10) structures,
in the investigated bias range HRS is dominated by the ohmic and the trap-influenced space-
charge limited (SCL) conduction in case of sample A1 and by the ohmic conduction in case
of sample A2, whereas LRS follows the ohmic conduction for both samples, A1 and A2.
Fig. 4.20: IV characteristics of LRS and HRS of unipolar resistive switching in Au/YMnO3/200 nm Pt/50 nm
Ti/500 nm SiO2/Si junctions with YMnO3 grown at pO2 = 0.180 mbar (a) and at pO2 = 0.018 mbar (b). Sample
overview is given in Table 4.1.
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Fig. 4.21: Conduction mechanism dominating the HRS (a-d) and LRS (e-h) of Au/YMnO3/200 nm Pt/50
nm Ti/500 nm SiO2/Si junctions with YMnO3 grown at pO2 = 0.180 mbar. Slope (s) of the linear fit to the
experimental data close to 1.0 indicates the ohmic conduction (a-h). S with the value between 1.4 and 1.6
suggests the trap-influenced space-charge limited conduction (a-d). Sample overview is given in Table 4.1.
Fig. 4.22: Conduction mechanism dominating the HRS (a-d) and LRS (e-h) of Au/YMnO3/200 nm Pt/50
nm Ti/500 nm SiO2/Si junctions with YMnO3 grown at pO2 = 0.018 mbar. Slope (s) of the linear fit to the
experimental data close to 1.0 indicates the ohmic conduction (a-h). Sample overview is given in Table 4.1.
Au/YMnO3/100 nm Pt/Al2O3 structures
IV characteristics presenting the curves of resistive switching of sample B1 and B2 are pre-
sented in Fig. 4.23 a, b and c, d, respectively. It can be seen that the Au/YMnO3/100 nm
Pt/Al2O3 (Au/YMO/PA) junctions exhibit electroforming-free unipolar resistive switching
which in general resembles URS observed in case of samples A1 and A2. The HRS and
LRS are nonvolatile, as confirmed by retention tests (Fig. 4.24 a). Memory window char-
acterized by ROFF/RON ratio is large and equals to approximately 105 and 103 for sample B1
and B2, respectively. These memory windows vary only slightly when compared to the val-
ues obtained for samples A1 and A2. Relations between temperature and resistance (RT) in
HRS (ROFF) and in LRS (RON) are presented in Fig. 4.24 b. HRS of both B1 and B2 samples
exhibits the semiconducting properties with activation energy (Eq. 4.7) EA = 0.54± 0.02 eV
and EA = 0.45 ± 0.03 eV whereas LRS is of metallic nature with α = 0.0021 ± 0.0003 °C-1
and α = 0.0041 ± 0.0023 °C-1 (Eq. 4.9).
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Fig. 4.23: IV characteristics representing unipolar resistive switching in Au/YMnO3/100 nm Pt/Al2O3 junc-
tions with YMnO3 grown at pO2 = 0.180 mbar (a, b) and at pO2 = 0.018 mbar (c, d). Both reset (a, c) and set (b,
d) processes can be induced by positive and negative bias. Diameter (area) of TEs in (a-d) equals to 526 µm (A
= 21.7×10-4cm2). Sample overview is given in Table 4.1.
Fig. 4.24: Characteristics of unipolar resistive switching in Au/YMnO3/100 nm Pt/Al2O3 junctions. HRS
and LRS of both samples exhibit nonvolatile properties retained in the tests for more than 15 h (a). Resistance-
temperature relations (b) indicate that in case of both samples HRS and LRS are of semiconducting and metallic
character, respectively. Diameter (area) of TEs in (a) equals to 526 µm (A = 21.7×10-4cm2) in case of (B2,
HRS) and (B2, LRS), 357 µm (A = 10.0×10-4cm2) in case of (B1, HRS) and to 240 µm (A=4.5×10-4cm2) in
case of (B1, LRS). Diameter (area) of TEs in (b) equals to 759 µm (A = 45.3×10-4cm2) in case of (B1, HRS),
(B2, HRS) and (B1, LRS) and to 526 µm (A = 21.7×10-4cm2) in case of (B2, LRS). Sample overview is given
in Table 4.1.
Unipolar resistive switching of samples B1 and B2 is characterized by very low endurance
and by low stability (repeatability). Junctions B2 show improved, although still not satis-
4.3 Unipolar resistive switching 67
factory, URS when compared to the behaviour of junctions B1. In addition, the negative
preferential polarity of set process is observed randomly for both samples.
In case of YMnO3/100 nm Pt/Al2O3 stacks, two kind of top electrodes (TEs) were used.
Apart of magnetron-sputtered gold TEs, platinum TEs prepared by e-beam evaporation were
tested. Results of electrical characterization when Pt TEs are used show no resistive switch-
ing in case of sample B1 Pt/YMO/PA and seldom URS in case of sample B2 Pt/YMO/PA
junctions. Analyses of RT curves indicate EA = 0.55± 0.01 eV for as-prepared B1 Pt/YMO/PA
junctions and EA = 0.43 ± 0.00 eV and α = 0.0050 ± 0.0034 °C-1 in case of HRS and LRS
of sample B2 Pt/YMO/PA. For a better overview, Table 4.2 summarizes values of EA and α
characterizing HRS and LRS of samples A1, A2, B1 and B2 with Au and Pt top electrodes.
It can be seen that the EA of samples with YMnO3 grown at higher pressure of oxygen (A1,
B1) is higher than the EA of samples with YMnO3 grown at the lower one (A2, B2). Within
each group (A1, B1 and A2, B2) higher EA is observed in case of YMnO3 deposited on
Pt/YMO/PA substrates. Based on this observation it is concluded that the EA of virgin and
switched to the HRS YMnO3-based structures is influenced mainly by the structural and
chemical properties of YMnO3 which can be engineered by varying pO2 during PLD. Dif-
ferent metals used as electrodes (Au, Pt, Pt/Ti) have got the secondary impact on EA and
on the transport properties. Because of the high temperature during PLD process, elements
constituting bottom electrode (Pt and Ti) are expected to diffuse and incorporate into the
YMnO3 acting as dopants [132][133][134]. The latter contribute to the electrical transport
and in presented case lowers the EA of YMnO3. On the other hand, values of α, based on
presented results and within calculated errors, are independent of sample preparation and of
top electrode metal.
Au TEs Au TEs Au TEs Au TEs Pt TEs Pt TEs
A1 A2 B1 B2 B1 B2
EA, [eV] HRS 0.45 0.33 0.54 0.45 0.55 (as-grown) 0.43
error, [eV] 0.01 0.00 0.02 0.03 0.01 0.00
α, [°C-1] LRS 0.0018 0.0010 0.0021 0.0041 0.0050
error, [°C-1] 0.0003 0.0000 0.0003 0.0023 0.0034
Tab. 4.2: Overview summarizing values of activation energy (EA) and temperature coefficient (α) of investi-
gated samples (Table 4.1). EA and α are calculated from RT characteristics of HRS and LRS, respectively, with
the use of Eq. 4.7 and Eq. 4.9.
Relations between the size of top electrodes and the selected characteristics of URS of
sample B1 and B2 are presented in Fig. 4.25 and 4.26, respectively. If available, results
obtained on Pt/YMO/PA junctions are also included. It can be seen that in case of sample
B1 correlations between ROFF, RON and the size of TEs are similar to the ones observed for
sample A1. They are specific for the filamentary resistive switching. No clear correlation
is observed for other URS characteristics of samples B1 and B2. In case of sample B2 the
dependency of ROFF and RON on size of TE is not evident. Observed large scattering of the
results presented in Fig. 4.25 and 4.26 originates from the poor URS behaviour of YMnO3
deposited on Pt/Al2O3 substrates and hinders the conclusions on possible correlations.
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Fig. 4.25: Relation between the size of TEs and the RHRS (a), |V|, |I|, P and E of set (b, c) and between the RLRS
(d), |V|, |I|, P and E of reset (e, f) describing the URS properties of YMnO3/100 nm Pt/Al2O3 junctions with
YMnO3 grown at pO2 = 0.180 mbar (sample B1). Solid and empty points correspond to the results obtained for
structures with Au and Pt top electrodes, respectively. Sample overview is given in Table 4.1.
Fig. 4.26: Relation between the size of TEs and the RHRS (a), |V|, |I|, P and E of set (b, c) and between the RLRS
(d), |V|, |I|, P and E of reset (e, f) describing the URS properties of YMnO3/100 nm Pt/Al2O3 junctions with
YMnO3 grown at pO2 = 0.018 mbar (sample B2). Solid and empty points correspond to the results obtained for
structures with Au and Pt top electrodes, respectively. Sample overview is given in Table 4.1.
Mechanisms governing the transport properties of Au(Pt)/YMnO3/100 nm Pt/Al2O3 junc-
tions switched to the LRS and HRS were investigated in more detail in the analogous way
as conducted for the pristine samples. Data used for analyses were obtained in a full CW
voltage sweep with Vmax= +2 V shown in Fig. 4.27. Obtained results characterizing samples
B1 and B2 are presented in Fig. 4.28 and 4.29, respectively. They reveal that the electrical
transport is dominated by SCL currents and remains the same as in case of the as-prepared
structures (see Fig. 4.12 and 4.13).
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Fig. 4.27: IV characteristics of LRS and HRS of unipolar resistive switching in Au/YMnO3/100 nm Pt/Al2O3
junctions with YMnO3 grown at pO2 = 0.180 mbar (a) and at pO2 = 0.018 mbar (b). Sample overview is given
in Table 4.1.
Fig. 4.28: Conduction mechanism dominating the HRS (a-d) and LRS (e-h) of Au/YMnO3/100 nm Pt/Al2O3
junctions with YMnO3 grown at pO2 = 0.180 mbar. Slope (s) of the linear fit to the experimental data close to 1.0
indicates ohmic conduction (a-h). S with the value between 1.7 and 1.8 suggests trap-influenced space-charge
limited conduction (a-d). Sample overview is given in Table 4.1.
Fig. 4.29: Conduction mechanism dominating the HRS (a-d) and LRS (e-h) of Au/YMnO3/100 nm Pt/Al2O3
junctions with YMnO3 grown at pO2 = 0.018 mbar. Slope (s) of the linear fit to the experimental data close to
1.0 indicates ohmic conduction (a-h). Sample overview is given in Table 4.1.
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4.3.3 Amorphous YMnO3-based structures
Resistive switching properties of amorphous YMnO3 sandwiched between Au top and Pt/Ti
bottom electrodes were investigated in order to gain a better understanding of unipolar re-
sistive switching (URS) observed in the corresponding junctions with the polycrystalline,
hexagonal YMnO3 (i.e. samples A1 and A2) .
In this experiment, sample A3 was prepared at the same PLD conditions as the sample
A1 except of the substrate temperature (Table 4.1). The latter was decreased to 500°C what
prohibited the crystallization of deposited YMnO3 film. Results of SEM and XRD investi-
gations presented in Fig. 4.32 a and 4.33 (black curve), respectively, confirm the amorphous
nature of deposited YMnO3 layer.
Results of the electrical characterization indicate that Au/amorphous-YMnO3/200 nm
Pt/50 nm Ti/500 nm SiO2/Si (Au/aYMO/PTS) junctions exhibit URS in a very similar man-
ner to the samples A1 and A2. Fig. 4.30 a and b presents the IV characteristics of reset and set
processes, respectively. In the presented example, the as-prepared junction was conductive
and therefore reset was the first switch, as denoted by red curve in Fig. 4.30 a. Subsequent
switching events are of unipolar character however they are not as stable and reliable as in
the case of sample A1.
Fig. 4.30: IV characteristics of Au/amorphous-YMnO3/200 nm Pt/ 50 nm Ti/500 nm SiO2/Si junctions repre-
senting reset (a) and set (b) processes of unipolar resistive switching. Presented as-prepared junction exhibited
high conductivity, therefore reset process (red curve in (a)) was the first switching event. Diameter (area) of the
TE used for measurement in (a, b) equals to 240 µm (A = 4.5×10-4cm2). Sample overview is given in Table
4.1.
Similar to the polycrystalline YMnO3-based junctions, values of the initial resistance (R0)
of Au/aYMO/PTS junctions are scattered between approximately 10 Ω and approximately
100 kΩ, as shown in Fig. 4.31 a. In the case of sample A3, R0 falls into two categories of
high and low conductivity. Regardless of the value, R0 tends to increase for the decreasing
size of the TEs.
Depending on the R0, the first switch of Au/aYMO/PTS junction can be set or reset pro-
cess. In general, values of the first Vreset do not differ significantly from the following Vresets
and remain below |5| V as in the case of other samples (A1, A2, B1, B2). In minor cases
(including the example presented in Fig. 4.30), the first Vreset is approximately 10 V. In con-
trast, Vset of the first set process (regardless if it is the first set or the set following the first
reset process) occurs at much higher voltage than the following set processes, i.e. V1stset> 30
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V. Relation between the size of the top electrode and the voltage of the first switch (set or
reset) is presented in Fig. 4.31 b.
Fig. 4.31: Relation between size of TEs and the initial value of resistance (a) and between the voltage of the
first switch (b) exhibited by Au/amorphous-YMnO3/200 nm Pt/50 nm Ti/500 nm SiO2/Si junctions. Sample
overview is given in Table 4.1.
Properties of sample A3 after the electrical characterization were investigated by SEM and
XRD. Obtained results indicate clearly visible changes induced by the electrical tests. XRD
pattern presented by the green curve in Fig. 4.33 corresponds to the hexagonal, polycrys-
talline phase of YMnO3 with the distinguishable XRD reflections assigned to the top (Au,
PDF: 00-004-0784) and bottom (Pt, PDF:00-004-0802) electrodes. The SEM images shown
in Fig. 4.32 b, c reveal severe changes within the area of the top electrode and the surround-
ing oxide due to applied bias. The damages of top electrode include interconnected circular
regions with molten and/or blown-off gold and dark spots in their centres, presumably de-
noting the cavities in the Au/YMnO3 structure (Fig. 4.32 b). The higher magnification of the
same electrode presents the regions which strongly suggest melting of gold and areas which
resemble delamination of the gold layer (Fig. 4.32 c). Presumably, melted gold percolate
through the YMnO3 layer.
Fig. 4.32: SEM images of as-grown amorphous YMnO3 (a) and of the Au top electrodes (TEs) on amorphous
YMnO3/200 nm Pt/ 50 nm Ti/500 nm SiO2/Si junctions after electrical characterization (b, c). The black dotted
line in (b) marks the edge of the TE. The dark areas in (b, c) correspond to the changed regions of the sample
induced by the electrical characterization. The bright areas in (b, c) indicate unchanged areas, both YMnO3
and gold TE. Sample overview is given in Table 4.1.
Results of XRD and SEM collected on as-grown sample and after electrical characteri-
zation, along with the high voltage of the first set process, indicate that the high temper-
ature and the crystallization processes are involved in the unipolar resistive switching of
Au/aYMO/PTS junctions. In addition, RT characteristics (not shown here) reveal the semi-
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conducting (EA= 0.45 ± 0.01 eV) and metallic conductivity (α = 0.0007 ± 0.0000 °C-1) of
sample switched into HRS and LRS, respectively.
Relations between the size of top electrode and the selected characteristics of URS of
Au/aYMO/PTS junctions in HRS and LRS are presented in Fig. 4.34 a-c and d-f, respec-
tively. The only clear correlation is observed in case of RHRS which increases with the de-
creasing size of TEs. RLRS, similar to the other URS characteristics, shows no clear depen-
dency on the size of TEs.
Fig. 4.33: Results of XRD measurements of the as-grown amorphous YMnO3/200 nm Pt/50 nm Ti/500 nm
SiO2/Si (black curve) and of the Au/amorphous-YMnO3/200 nm Pt/50 nm Ti/500 nm SiO2/Si junctions after
electrical characterization (green line). Sample overview is given in Table 4.1.
Fig. 4.34: Relation between size of TEs and the RHRS (a), |V|, |I|, P and E of set (b, c) and between the RLRS
(d), |V|, |I|, P and E of reset (e, f) describing the URS characteristics of Au/amorphous-YMnO3/200 nm Pt/50
nm Ti/500 nm SiO2/Si junctions with YMnO3 grown at pO2 = 0.180 mbar and TS= 500°C (sample A3). Sample
overview is given in Table 4.1.
Based on the obtained results of SEM, XRD and of the electrical characterization, it is
concluded that URS in Au/aYMO/PTS junctions involves partial crystallization of YMnO3.
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Subsequent RS, most likely confined to the crystalline part of the junction, is attributed to
the formation and rupture of the conductive, metallic-like filaments.
4.3.4 Discussion
Unipolar resistive switching in hexagonal, polycrystalline YMnO3-based MIM structures
presented in this section originates from the formation and rupture of conductive, metallic-
like filaments.
According to the results obtained on sample A3, i.e. Au/amorphous-YMnO3/200 nm Pt/50
nm Ti/500 nm SiO2/Si, observed URS requires the crystalline structure of the oxide. This
implies that the features specific for the crystalline phase are essential for the filament for-
mation and in turn - for the URS. The most common “features” of polycrystalline oxides
contributing to the resistive switching are grain boundaries, which are regarded as a planar,
structural defects. In most of the oxides they are the energetically favourable regions which
attract point defects [53][130][131]. Under applied electric field, migration and accumula-
tion of point defects at (along) the grain boundaries is enhanced and results in the formation
of filament [53][151][152][153]. On the other hand, ferroelectric domain walls and charged
topological defects (charged domain walls and/or vortex cores) also exist only in crystalline
materials as reported for single-crystalline YMnO3 [18][88] and for other hexagonal man-
ganites [19][20]. Due to the lack of results concerning ferroelectric properties of YMnO3
thin films in samples A1-2 and B1-2, at this stage of investigation, grain boundaries, neu-
tral ferroelectric domain walls and charged topological defects are considered as a possible
support for the filament formation.
Point defects, including dopants, are another inherent characteristic of the crystalline ma-
terial. In this study, two kinds of YMnO3 films are investigated, namely YMnO3 films grown
at pO2 = 0.180 mbar (samples A1, B1) and YMnO3 films grown at pO2 = 0.018 mbar (sam-
ples A2, B2). Next, two different bottom electrode (BE)-coated substrates are used for the
the deposition: Pt/Ti/SiO2/Si and Pt/Al2O3. Finally, two kinds of top electrodes (TEs) are
tested: magnetron-sputtered gold and e-beam evaporated platinum. Each of these factors, i.e.
pO2 , BEs and TEs contribute to the resistive switching behaviour. Oxygen pressure during
PLD (pO2) and type of BE define the structural, microstructural and chemical properties of
YMnO3 films. Therefore, they have a decisive impact on resistive switching.
Amongst the investigated films, the best unipolar resistive switching behaviour in terms of
endurance and reliability was observed in Au/YMnO3/Pt/Ti/SiO2/Si junctions with YMnO3
grown at pO2 = 0.180 mbar. It can be noticed that in this case YMnO3 is of fine, crystalline
structure (see Fig. 4.1). As already discussed, Pt/Ti bottom electrode is not stable at the
temperature used during PLD and both, Pt and Ti diffuse into the oxide. Regardless if Ti
and/or Pt are incorporated in YMnO3 at the lattice sites or as the interstitials, they act as the
dopants contributing to the electrical transport (as proved by comparison of EA measured for
tested samples, see Table 4.2). In addition, atoms constituting gold top electrodes might be
mixed with YMnO3 in the surface layer during preparation of TEs. In high electric field and
at the elevated temperature they can migrate towards the bottom electrode. In this case, the
Au surface diffusion, i.e. along the grain boundaries is more pronounced when compared to
the bulk diffusion.
In case of YMnO3 deposited on Pt/Al2O3, URS is more prominent in sample B2, i.e. with
YMnO3 grown at pO2 = 0.018 mbar. This phenomenon indicates that when the stable BE is
used (i.e. Pt only), URS relies on the intrinsic point defects. At lower pressure of oxygen,
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more oxygen vacancies and compensating them Mn2+ is formed. In addition, contribution
of gold TEs is confirmed by the comparison of URS properties of junctions with Pt and Au
metals used as TEs.
Lastly, importance of Joule heating and local increase of the temperature should be un-
derlined. Results of the electrical characterization indicate that the high current (generally
higher than 0.1 A) is required for the rupture of the conductive filament observed as the reset
process. Local increase of temperature and/or formation of filaments most likely is the cause
of consecutive changes of top electrodes leading to the permanent damage of the junction.
In consequence, investigated YMnO3-based structures exhibit low endurance.
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4.4 Bipolar resistive switching
4.4.1 Introduction
This section presents the results and discussion on bipolar resistive switching (BRS) of
Au/YMnO3/Nb:SrTiO3 (Au/YMO/NbSTO) junctions. In the bipolar mode of resistive switch-
ing, in contrast to the unipolar one, the set and reset processes depend on the polarity of
applied bias. Proposed mechanisms and the physical phenomena inducing the BRS cover a
broad topic of modification of the properties of electrode/memristor interface, e.g. by charge
trapping and/or electro-migration of defects, and often involve formation and rupture of the
conductive filament. In this case, however, corresponding scenario of resistive switching
phenomena differs from the unipolar filamentary RS.
Except of the report on BRS in In/h-YMnO3/Nb:SrTiO3/In junctions [139], which has
been recently published (in the year 2016), the BRS in YMnO3 films has neither been stud-
ied nor reported in detail. Short notice and single IV hysteresis interpreted as a BRS in
Pt/orthorhombic YMnO3/LaNiO3/(001)-SrTiO3 are reported in Ref. [129]. The observed
IV hysteresis was a side effect observed in the YMnO3 films grown by PLD at the high
pressure of oxygen (30 Pa). Apart of the conclusion that it most likely originates from the
voltage-driven migration of oxygen vacancies along extended defects, this phenomena was
not discussed in details. In addition, it is shown that the films grown at lower pressures of
oxygen exhibit nonlinear IV curves with no IV hysteresis loops. Study on BRS of hexagonal
YMnO3 deposited at pO2 = 40 Pa on (100)-oriented Nb:SrTiO3 relates observed phenom-
ena to the change in depletion width formed at the pn interface induced by the ferroelectric
switching of YMnO3 [139].
The aim of experiments presented in this section was to verify the resistive switching
behaviour of YMnO3 deposited on (100)-SrTiO3 doped with 0.5 wt.% of Nb (NbSTO) sub-
strates. The NbSTO was chosen as an alternative substrate for growth of YMnO3 because of
the two reasons. Firstly, undoped SrTiO3 has been used as a template in epitaxial growth of
oxides, including resistively switching ones. Upon doping with niobium, SrTiO3 becomes
conductive. Therefore, NbSTO can be employed as a bottom electrode and a template for
epitaxial growth at the same time. The second reason for choosing NbSTO is related to the
previously mentioned report on IV hysteresis in orthorhombic YMnO3 thin films [129].
In addition, employment of p-type YMnO3 layer as a switching layer in pn-hetrojunction
is motivated by the abundant use of pn-heterojunctions in semiconductor industry (e.g. in
field effect transistors, bipolar transistors, lasers). The wide spectrum of applications of pn-
heterojunctions could be extended to implement the resistive switching and photodetecting
properties [154] of p-type YMnO3 films. This, in turn, could enable development of novel,
multifunctional devices.
PLD growth of YMnO3 on oriented, single crystalline SrTiO3 and on Nb:STO results
in the orthorhombic phase [114][115] and [116][117], respectively. YMnO3 films grown
on (001)-NbSTO are textured with (001) crystallographic plane orientation. Different ori-
entations of SrTiO3 used as a substrate results in the varying texture of deposited oxides:
(001)-, (111)- and (110)-oriented SrTiO3 yields growth of (001)-, (101)- and (100)-textured
orthorhombic YMnO3 films.
As described in Chapter 3, conditions of PLD growth of YMnO3 on NbSTO substrate
were the same as in the case of films deposited on Pt/Ti/SiO2/p-Si and Pt/Al2O3 substrates.
Despite that, YMnO3 films deposited on NbSTO are of smaller thickness and significantly
different structural properties, see Sec. 4.1. This indicates different growth mechanism of
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YMnO3 on oxides than on metal-coated substrates. According to the results of XRD, (Fig.
4.4), SEM (Fig. 4.1) and AFM (Fig. 4.2 and 4.3), YMnO3 deposited on NbSTO substrates at
pO2 = 0.180 mbar (sample C1) and at pO2 = 0.018 mbar (sample C2) exhibits orthorhombic
crystallographic phase with nanocrystalline structure.
4.4.2 Nanocrystalline, orthorhombic YMnO3-based structures
Fig. 4.35 presents the IV curves which reveal the bipolar resistive switching (BRS) of
Au/YMO/NbSTO pn-heterojunctions C1 and C2. The black arrows and numbers indicate
respectively the direction and the sequence of the change in current. The set process (HRS
→ LRS) occurs when positive bias is applied to the sample. The reverse process, i.e. reset
(LRS→ HRS) occurs when negative bias is applied to the sample. Such a BRS IV hysteresis
loop is referred to as the BRS with “Figure-8 polarity” [54]. In addition, it can be seen that
the larger change in current level is obtained during the reset process.
Fig. 4.35: IV characteristics of Au/YMnO3/Nb:SrTiO3 pn-heterojunctions indicating the bipolar resistive
switching (BRS) behaviour. Both samples C1 (a) and C2 (b) exhibit BRS with “Figure-8 polarity” IV hys-
teresis loop. Direction and sequence of changes in current induced by the electric field are denoted by arrows
and corresponding number. Consecutive voltage sweeps are numbered accordingly. Insets present the same
data plotted on log|I|-V scale. Diameter (area) of the TEs in (a, b) equals to 337 µm (A = 8.9×10-4cm2).
Sample overview is given in Table 4.1.
Au/YMO/NbSTO junctions in as-prepared state exhibit the rectifying character (Fig. 4.14
a, b). In case of samples C1 and C2, in contrast to the unipolarly switching samples described
in the previous section, the electroforming (EF) step is required prior to BRS. The results of
experiments focused on the clarification of the nature of EF step indicate that it is triggered
by the thermally induced effects rather than by the electric field.
The rectifying behaviour of Au/YMO/NbSTO junctions allows for the application of the
high electric field and high current under the negative and positive bias, respectively, in the
same voltage sweep procedure. Prior to the EF, the sequence of consecutive voltage sweeps
consisting of two steps was applied. In the first step, certain level of the current defined by
the compliance current (CC) was reached by applying the positive bias. In the same sweep,
due to the rectifying behaviour, the large electric field was achieved by application of the
large negative bias, as illustrated in Fig. 4.36. This step was followed by a voltage sweep
with smaller maximum bias (Vmax, see Fig. 3.3) and current in order to verify if RS had been
induced or not. If the EF process was not successful, the IV hysteresis was not observed.
In such a case the compliance current was increased and the whole procedure was repeated
until the accomplishment of EF and hysteresis in IV characteristics. The results of such
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experiments are presented in Fig. 4.36 b, c. In the presented cases, for both C1 and C2, the
CC was set to 10 mA. The EF processes is denoted by green lines in Fig. 4.36 b (sample C1)
and Fig. 4.36 c (sample C2). IV hysteresis denoting BRS follows directly the EF process in
the same voltage sweep. Afterwards, in order to protect the sample from the too high current
flow and the electrical breakdown, CC in case of sample C1 was decreased to 1 mA. The
same reduction of CC in case of sample C2 resulted in smaller IV hysteresis loops, therefore
CC was kept at 10 mA. The following IV characteristics of bipolar resistive switching were
achieved by the application of full voltage sweep with the maximum amplitude of |4| V
(sample C1) and |2| V (sample C2) as presented in Fig. 4.35. Effect of the increasing
electric field on the EF with the CC kept at the low value was also tested. Application of
large electric field led to the hard breakdown of the junction, as presented in Fig. 4.36 a.
Fig. 4.36: Electroforming process of Au/YMnO3/Nb:SrTiO3 pn-heterojunctions preceding the BRS be-
haviour. Electroforming procedure prior BRS consists of subsequent bias sweeps with step-wise increasing
compliance current (CC) (a). Application of the too high electric field results in the hard breakdown of the
sample (sample C1, (a)) whereas reaching of the required CC level (sample C1 (b) and sample C2 (c)) leads to
the BRS behaviour. Diameter (area) of the TEs equals to 759 µm (A = 45.3×10-4cm2) in (a) and to 337 µm (A
= 8.9×10-4cm2) in (b, c). Sample overview is given in Table 4.1.
In summary, EF step requires a high current flowing through the Au/YMnO3/Nb:SrTiO3
pn-heterojunction. That points towards the importance of the Joule heating in this process.
The electric power (P) reached during the EF process was estimated by multiplying voltage
and current (P = IV ). The green circles denoted as 1 in Fig. 4.36 b, c mark the points of the
EF. For comparison, pink circles numbered as 2 are marked on the black lines in Fig. 4.36 b,
c. They indicate the point of the maximum voltage (-5 V) applied to the pristine sample just
before EF (i.e. the highest electric field: 500 kV/cm and 526 kV/cm for sample C1 and C2,
respectively). The calculated electric power equals to P1 = 1.25 ×10-2 W and P2 = 4.39 ×10-5
W in case of sample C1 and P1 = 1.82 ×10-2 W and P2 = 3.23 ×10-3 W in case of sample
C2. Generated electric power P is converted into the thermal energy (Joule heating) which,
as discussed above, is the major factor inducing the electroforming.
In order to gain a better understanding of the EF phenomena, the transport properties of
Au/YMO/NbSTO pn-heterojunctions in the low electric field were subsequently measured
after reaching each level of CC before EF and after it. Fig. 4.37 presents the results of the
low-field IV characteristics of pristine and electroformed Au/YMO/NbSTO junctions. It can
be seen that after EF step, samples become more conductive under the reverse bias (negative
voltage). As previously mentioned, Au top electrodes form an ohmic contact with YMO.
Therefore, observed shifts in IV curves result from the changes of the YMO/NbSTO interface
induced by the EF step. As indicated by the IV curves shown in Fig. 4.37, properties of the
electroformed Au/YMO/NbSTO structures are recovering back to the initial state with the
time and the BRS cycling as long as the critical level of CC is not reached. Setting up the
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CC to the too high value results in the irreversible changes and the permanent breakdown of
the pn-heterojunctions (pink curves in Fig. 4.37 a, b).
Fig. 4.37: Low-field IV characteristics presenting the changes in the transport properties of
Au/YMnO3/Nb:SrTiO3 pn-hetrojunctions induced by the electroforming (EF) process. As-prepared
samples C1 (a) and C2 (b, c) exhibit rectifying behaviour (black curves) due to the p-YMO/n-NbSTO
interface. The latter is modified during EF what results in higher conductivity of samples (green (a) and blue
curves (b, c)). With time and/or subsequent BRS cycling, rectifying properties of pn-heterojunctions are
recovering towards their initial state (transition 2 in (a) and (c)). Too high value of CC induces irreversible
breakdown of the junction and permanent high conductivity (pink curves in (a) and (b)). Diameter (area) of
the TEs equals to 357 µm (A = 10.0×10-4cm2) in (a), 526 µm (A = 21.7×10-4cm2) in (b), and to 337 µm (A =
8.9×10-4cm2) in (c). Sample overview is given in Table 4.1.
Stability of the observed bipolar resistive switching was firstly verified by the iterative
voltage sweeps with the varying time of voltage sweep, voltage ramping rate (in [V/s]), start-
ing polarity, and maximum voltage amplitude. The results are presented in Fig. 4.38. Within
tested measurement times, i.e. from 4 s to 24 s per voltage cycle, there is no clear impact of
the sweep time (and ramp rate) on the size of the obtained IV hysteresis. The IV hysteresis
becomes smaller for the subsequent voltage cycles, independently of the measurement time.
This suggests that the observed BRS in Au/YMO/NbSTO pn-heterojunctions exhibits the
limited nonvolatility of written HRS and LRS. Although the size of the loop induced by the
positive voltage (0 V→ +Vmax → 0 V) seems to be invariant, the size of the loop induced by
the negative voltage subsequently decreases.
In order to verify this preliminary conclusion, short time (around 15 min) retention and
multi-cycling tests were performed. Prior retention test, the full CW voltage sweep (0 V→
+Vmax (limited by CC)→ -Vmax → 0 V) was conducted, as indicated by solid lines in Fig.
4.39. The compliance current was set to 1 mA and 10 mA for sample C1 (Fig. 4.39 a) and
C2 (Fig. 4.39 b), respectively. As presented in Fig. 4.39, the resistance is changing from
HRS (LRS) to LRS (HRS) by application of positive (negative) voltage. Two writing biases,
i.e. voltage pulses of 0.1 s length and different polarities were tested independently: VW+
= +1.8 V (2 V) and VW-= -4 V (-2 V) for sample C1 (C2). Next, the written state of the
junction was read out by application of the voltage pulse of 0.1 s length to probe the state at
the positive (VR+ = +0.8 V (C1) and +1 V (C2)) and negative (VR- = -1.5 V (C1) and -0.8 V
(C2)) reading voltage. The time between reading pulses was approximately 120 s. Results
of short retention tests are presented in Fig. 4.39 and confirm good and limited nonvolatility
of HRS and LRS, respectively. In the presented examples and used VW= 0.8 (1.0) V and VR
= -1.5 (-0.8) V, memory windows equal to 18 (6) and 106 (901) for junction C1 (C2).
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Fig. 4.38: Dependence of the measurement duration on the IV hysteresis of bipolar resistive switching in
Au/YMnO3/Nb:SrTiO3 pn-heterojunctions. The size of the IV loops induced by the positive bias in case of
both samples C1 (a) and C2 (b) is independent of the measurement duration. The size of the IV loops induced
by the negative bias is gradually declining for the subsequent voltage sweeps. Diameter (area) of the TEs equals
to 357 µm (A = 10.0×10-4cm2) in (a), and to 526 µm (A = 21.7×10-4cm2) in (b). Sample overview is given in
Table 4.1.
Fig. 4.39: Results of short retention (a, b, d, e) and endurance (c, f) tests of bipolar resistive switching in
Au/YMnO3/Nb:SrTiO3 pn-heterojunctions. RV characteristics present the changes of resistance during BRS
of sample C1 (a) and sample C2 (d). Positive (negative) writing bias VW sets (resets) the samples into the
LRS (HRS). Reading bias VR (both positive and negative VR) is applied to read out the resistance state of
LRS (HRS) over time. Retention characteristics of sample C1 (b) and sample C2 (e) indicate good and limited
stability of written states over the time when the positive and negative reading bias, respectively, is used. Time
t = 0 min corresponds to the value of given state read out from the IV curve. Results of endurance tests by
means of 40 consecutive IV voltage sweeps of sample C1 (c) and C2 (f). Diameter (area) of the TEs equals to
337 µm (A = 8.9×10-4cm2) in (a, b, d, e). Sample overview is given in Table 4.1.
In the presented example concerning sample C1 (Fig. 4.39 a, b), LRS written by VW+ is
not stable when read out at negative voltage VR-. The value of resistance read out directly
after setting the sample into the LRS corresponds to the value characteristic for HRS. Next,
it subsequently decreases and eventually reach level of the proper LRS. This instability is
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not observed in case of using the positive read out voltage, i.e. VR+. The HRS written by
negative bias VW- is stable for both polarities of read out voltage (VR+ and VR-) within tested
time period.
The stability (nonvolatility) of written states in case of sample C2 is the same as in the
case of sample C1. The only difference concerns the LRS read out by VR- which remains at
the level of HRS instead of reaching the level of LRS.
Conventional retention characteristics, i.e. resistance-time (R(t)) plots are presented in
Fig. 4.39 b, e. For a better comparison, values of HRS and LRS at the corresponding VR+
and VR- read out from IV curves are also indicated as a values at the time t = 0 min. Small
variation between values read out directly from the IV curve and indicated by retention tests
is observed, however, this difference is not significant.
Results of endurance tests by means of 40 consecutive BRS curves are presented in Fig.
4.39 c and f. The stability and reproducibility of the BRS behaviour is good within 40 IV
cycles carried out in these tests. Although good reproducibility of results is observed for both
junctions, better stability and reproducibility of BRS curves is observed in case of sample
C2.
4.4.3 Discussion and proposed mechanism
Results of the investigation on resistive switching behaviour of Au/YMnO3/Nb:SrTiO3 pn-
heterojunctions indicate the stable and reproducible bipolar resistive switching (BRS) within
tested conditions (i.e. for approximately 50 consecutive IV voltage sweeps). Limited non-
volatility of LRS is observed when positive write bias (VW+) and negative read out bias (VR-)
are used.
Structural and microstructural properties of YMnO3 deposited on Nb:SrTiO3 substrates are
significantly different from the characteristics of YMnO3 deposited on metal-coated sub-
strates. YMnO3 films deposited on NbSTO are of orthorhombic phase with nanocrystalline
structure. TC of orthorhombic YMnO3 is far below room temperature (TC= 40 K [155]);
therefore, contribution of charged topological defects (specific for ferroelectric phase) into
the BRS observed at room temperature is discarded from the following discussion.
In this investigation, BRS of two YMO films with comparable thickness (approximately
100 nm) but grown at two different pressures of oxygen (pO2 = 0.180 mbar and pO2 = 0.018
mbar) is compared. It is expected that oxygen pressure during PLD influences the content of
oxygen vacancies in deposited YMnO3 films and in consequence affects the BRS behaviour
(as discussed in Section 4.2.5).
According to the results of the low-field transport properties, the Au/YMO interface cre-
ates an ohmic contact and rectifying character of Au/YMO/NbSTO junctions originates from
the pn-heterojunction formed at YMO/NbSTO interface. Therefore, the active interface
which contributes to the observed BRS is the bottom, YMO/NbSTO interface.
Electroforming (EF) step is required prior to the observed BRS. As discussed above, EF is
accomplished only when the high level of current is reached. Therefore, significant release
of Joule heating is expected. High temperature introduces the local microstructural and
chemical changes in both, YMO and NbSTO layers, which act as a trapping sites for the
injected carriers. As a consequence, properties of p-YMO/n-NbSTO junction are modified
(see Fig. 4.37) in a way allowing the hysteretic behaviour of IV characteristics. Schematic
energy band diagrams and sketches of cross-section of p-YMO/n-NbSTO in idealized, as-
grown state and after electroforming are presented in Fig. 4.40.
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Fig. 4.40: Simplified schematic energy band diagrams (a, b) and sketches of cross-section of
YMnO3/Nb:SrTiO3 pn-heterojunction (c, d) in idealized, as-grown state (a, c) and after electroforming (b,
d). Energy band gap of YMnO3 was derived from modelling of acquired spectral ellipsometry data. Band gap
energy of Nb:SrTiO3 is assumed to equal the one of single-crystalline SrTiO3 [156][157]. Because of much
higher concentration of carriers in Nb:STO, depletion layer is formed mainly at the YMnO3 site. Depletion
width formed in as-grown YMO/NbSTO junction and after electroforming is denoted by w0 and wEF, respec-
tively. Due to formation of defects in the electroforming process (e.g. oxygen vacancies) depletion width
decreases so that w0 > wEF.
In order to gain a better understanding of the processes contributing to the observed BRS,
two phenomena were considered: (i) formation and change of the depletion width formed in
the Au/YMO/NbSTO pn-heterojunctions, and (ii) conduction mechanisms governing HRS
and LRS.
Depletion layer in Au/YMnO3/Nb:SrTiO3 pn-heterojunctions
Thickness of the depletion layer formed in as-prepared and switched to HRSAu/YMO/NbSTO
pn-heterojunctions C1 and C2 was calculated according to Eq. 4.10 and Eq. 4.11 [120].
WA =
√
2NDε0εAεD(Vbi − V )
qNA(εANA + εDND)
. (4.10)
WD =
√
2NAε0εAεD(Vbi − V )
qND(εANA + εDND)
. (4.11)
WA(D) denotes thickness of depletion layer formed in p-YMO (n-NbSTO). NA(D), εA(D), Vbi,
V, and q correspond to the acceptor (donor) density in YMO (NbSTO), dielectric permittivity
of YMO (NbSTO), built-in potential, applied bias, and electric charge, respectively. Value
of NA and NDwere approximated and calculated, respectively, from Hall measurements (see
Section 4.6) to be NA= 3×1016 cm-3 and ND= 2×1020 cm-3. εA = 20 [158] and εD = 41
and is assumed to be invariant in the applied electric field [159]. Based on the low-field
IV characteristics of as-prepared Au/YMO/NbSTO junctions C1 and C2, Vbi was estimated
to be 0.20 V for both junctions, as shown in Fig. 4.41 a, b. Based on the BRS curve (IV
branch 1), Vbi of junctions in HRS equal Vbi= 1.41 V and Vbi= 1.26 V for sample C1 and
C2, respectively.
82 4 Resistive switching in YMnO3
Fig. 4.41: Estimation of the built-in potential (Vbi formed in the as-prepared (a, b) and switched to HRS (c,
d) Au/YMnO3/Nb:SrTiO3 pn-heterojunctions C1 (a, c) and C2 (b, d). Thickness of the depletion layer in
p-YMnO3 (WA) formed in the Au/YMO/NbSTO pn-heterojunction as a function of the applied voltage (e).
Sample overview is given in Table 4.1.
The results of theoretical (and simplified due to the lack of experimental data) calculations
are presented in Fig. 4.41 e. Thickness of depletion layer WD formed in NbSTO is negligible
and ranges from 0.01 nm to 0.08 nm (applied bias V = 0.15 V and V = -4.00 V, respectively).
Thickness of depletion layer WA formed in YMO when applied bias is smaller than 0.05 V
exceeds thickness of the YMO layer (Fig. 4.41 e).
Built-in potential and depletion width formed in the pn-junctions are influenced by the
presence of point defects. The same value of built-in potential, Vbi= 0.20 V, obtained for
junctions C1 and C2 suggest approximately the same concentration of point defects in both
films. However, low-field IV characteristics of as-prepared Au/YMO/NbSTO samples show
higher conductivity of sample C1, therefore, more point defects and smaller Vbi is expected
in this film.
Built-in potential estimated for Au/YMO/NbSTO junctions switched to HRS is much
larger than for as-prepared structures. Electroforming (EF) step required for activation of
BRS is induced by the thermally triggered phenomena and can involve creation of new point
defects. When high electric field is applied to the electroformed Au/YMO/NbSTO junctions,
neutral point defects (created by EF or intrinsically present in the oxide due to the process-
ing) are ionized and electro-migrate towards respectively biased electrode. Thickness of
depletion layer exceeds the thickness of YMO and charged point defects can electro-migrate
within the whole YMO layer. Assuming that yttrium vacancies (VY in Kröger-Vink nota-
tion, Appendix B) are the dominating point defects in as-prepared orthorhombic YMO films
[142], ionization process generates holes and negatively charged V
′′′
Y which electro-migrate
towards positively biased top electrode. Higher concentration of V
′′′
Y , expected in sample
C1, increases the Vbi in the investigated Au/YMO/NbSTO pn-heterojunctions. Results of
estimated Vbi = 1.41 V and Vbi = 1.26 V are in agreement with these considerations.
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Conduction mechanism
Fig. 4.42 a and d presents the IV curves of the BRS of sample C1 and C2, respectively,
obtained by the CW voltage sweep. Sample in HRS (branch 1) is set into LRS (branch
2 and 3) and then back to the HRS (branch 4). Analysis of the IV data were done in the
analogous way to the modelling of conduction in the pristine Au/YMO/NbSTO junctions
described in Sec. 4.2.5. The best fit to the experimental data is obtained for space-charge
limited (SCL) conduction model for both HRS and LRS. Likewise the pristine junctions,
conduction in branch 1 (HRS) of sample C1 and in branch 1, 2 (HRS, LRS) of sample
C2 is dominated by the trap-controlled SCL current (s close to 2) in the low electric field
which next transforms into the TFL SCL current (slope higher than 2) at VTFL. In case of
current in branch 2, 3 (LRS) of sample C1 and 3 (LRS) of sample C2 only the TFL regions
are observed. Stored-charge effect (SCE) is observed at low electric field of IV branch 4
(HRS) of both samples. Similar to the case of pristine Au/YMO/NbSTO pn-heterojunctions,
the differences in parameters defining the SCL behaviour of sample C1 and C2, i.e. slopes
of linear fits to the experimental and voltages of transitions between SCE, trap-controlled
SCL, and TFL regions, are assigned to the variations in their chemical and microstructural
properties. These in turn, define the concentration of charge traps and their distribution
within the forbidden gap of YMO.
Fig. 4.42: Conduction mechanisms in BRS of Au/YMnO3/Nb:SrTiO3 pn-hetrojunctions with the YMnO3
grown at pO2 = 0.180 mbar (a, b, c) and pO2 = 0.018 mbar (d, e, f). Current in HRS (branch 1 and 4) and
LRS (branch 2 and 3) of both samples follow the model of space-charge limited (SCL) conduction. In addition,
stored-charge effect (SCE) is observed in case of HRS, branch 4, in the low electric fields. Diameter (area) of
TEs in (a-f) equals to 337 µm (A = 8.9×10-4cm2). Sample overview is given in Table 4.1.
Mechanism of bipolar resistive switching based on the trap-controlled and trap-free SCL
currents have been reported for resistively switching junctions (e.g. in Refs. [138][143];
review is given in Ref. [121]), including pn-heterostructures, e.g. [160][161][162]. Typ-
ical interpretation of observed BRS phenomena based on SCL currents comprises coupled
electro-migration of oxygen vacancies (and their complexes) which serve as the trapping
centres for injected electrons. As an example, BRS in Pt/o-TbMnO3/NbSTO/In junction
where o-TbMnO and NbSTO are p- and n-type semiconductors, respectively, has been at-
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tributed to the complementary ionic (migration of oxygen vacancies V••O s) and electronic
(trapping/detrapping) processes at the TbMnO3/NbSTO interface [160]. According to the
obtained results in this study, BRS of Au/YMO/NbSTO junctions follows very similar sce-
nario. Simplified mechanism of BRS in Au/YMO/NbSTO junctions is presented below and
schematically illustrated in Fig. 4.43.
(1) Under the forward bias, during the sweep from 0 V to +Vmax (IV branch 1) electrons
(holes) are injected from NbSTO (from Au TE) into the YMO. Depletion width decreases
with increasing applied voltage. Mobile charged defects (e.g. V
′′′
Ys, V
••
O s, Mn
′
Mns) located
within depletion layer electro-migrate and redistribute accordingly. Because the properties
of the interface and the distribution of defects are always nonuniform, it is expected that
charged defects align at the preferential sites and form chain-like paths. According to the
numerical analyses of IV characteristics, conduction mechanism follows the space-charge
currents. Slopes of linear fits close to 2 at the lower voltages correspond to the trap-controlled
SCL and indicate trapping of injected carriers by the trapping centres. Negatively charged
yttrium vacancies, positively charged oxygen vacancies and their complexes, and manganese
valence defects (i.e. Mn4+ (Mn•Mn) or Mn
2+ (Mn
′
Mn)) can act as such trapping centres. In-
jected charge carriers firstly are trapped at the defect states (interface states or point defects).
In the higher electric field, transition between trap-controlled and TFL SCL current at VTFL
occurs and current increases.
In summary, set process occurs gradually and results from the coupled effects of electro-
migration of charged defects and trapping of the injected charge carriers. Injected carriers
are trapped by charge traps and charged point defects which are aligned according to the ap-
plied electric field, and can eventually form a conductive filament within YMO layer. Due to
the insufficient data concerning the areal dependence of current in LRS and HRS, the contri-
bution of filaments into BRS in Au/YMO/NbSTO is neither neglected, nor confirmed. For-
mation of filaments consisting of filled traps which shunt bottom and top electrodes was pro-
posed in Pr0.5Ca0.5MnO3/SrTi0.95Nb0.05O3 [163] and LaAlO3/Nb-doped SrTiO3 heterostruc-
tures [161], and cannot be excluded as a plausible mechanism of set process observed in
Au/YMO/NbSTO pn-heterojunctions C1 and C2.
(2) Under the forward bias, during the sweep from +Vmax to 0 V (IV branch 2), injected
charge carriers are still trapped at the trapping centres and Au/YMO/NbSTO junctions re-
main in the LRS. With the decreasing applied bias depletion width increases again. SCL
currents in branch 2 differ for sample C1 and C2. It can be seen that in case of sample C1,
conduction is still controlled by the TFL SCL current (s = 5.6 and s = 3.8), whereas for sam-
ple C2 it transforms into the trap-controlled SCL current (in low-field region, s = 1.5). This
can be the result of the various amount of point defects (e.g. V
′′′
Ys) introduced by different
pO2 used for PLD of YMnO3.
LRS is not stable when negative read out voltage is used, as indicated by retention tests (Fig.
4.39). This suggests that mostly shallow traps are involved in the trapping process during
the voltage sweep in IV branch 1 and 2 (set process). For example, electrons trapped by
shallow traps (on the contrary to the electrons trapped by deep traps) can easily tunnel back
to NbSTO when positive voltage is not applied any more to the junction. That would result
in poor retention behaviour of BRS.
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Fig. 4.43: Simplified schematic energy band diagrams (a, b) and sketches of cross-section of
YMnO3/Nb:SrTiO3 pn-heterojunction (c, d) under forward (a, c) and reverse (b, d) bias during bipolar re-
sistive switching. Energy band gap of YMnO3 was derived from modelling of acquired spectral ellipsometry
data. Band gap energy of Nb:SrTiO3 is assumed to equal the one of single-crystalline SrTiO3 [156][157]. Be-
cause of much higher concentration of carriers in Nb:STO, depletion layer is formed mainly at the YMnO3 site.
According to the applied bias, depletion width decreases and increases under forward (wF) and reverse (wR)
bias, respectively, so that wF < wR. Defects act as a trap states and, if charged, electro-migrate within depletion
layer. They align and form conductive paths for injected electrons during set process (positive voltage). When
negative voltage is applied, electrons are detrapped and defects are repelled from YMO/NbSTO interface what
leads to the discontinuation of filaments and subsequent reset process.
(3) When the reverse bias is applied to the Au/YMO/NbSTO junctions (voltage sweep
from 0 V to -Vmax, IV branch 3) depletion width is increasing. After completion of branch 1
and 2, initially (i.e. after EF step) positively charged defects (trapping centres) are neutral-
ized by the trapped charge carriers. In this case, trapped electrons are firstly released from
the shallow traps and they tunnel back to NbSTO. Next, positive (negative) and mobile de-
fects electro-migrate toward top (bottom) electrode where they trap electrons injected from
the Au TE. In this way, LRS remains also in branch 3 of BRS. Conduction in region of lower
bias for both samples is governed by the TFL SCL current (slope close to 4). At the certain
value of the applied negative voltage, current stops its steep increase. In case of sample C2,
further increase in the applied negative voltage results in the negative differential resistance.
These phenomena could be related to the limited number of electrons which are released
from the shallow traps and to the discontinuation of the shunts formed by positively charged
defect which act as the conductive paths (for electrons).
In summary, reset occurs gradually and results from the coupled effects of increasing deple-
tion width, detrapping of electrons and electro-migration of charged defects within it. These
phenomena lead to the rupture of the filament-like continuous paths consisting of trapping
sites for the injected electrons.
(4) Branch 4 of BRS, i.e. sweep from -Vmax to 0 V, in case of both samples, is described
by the TFL SCL current and the SCE at higher and lower electric field, respectively. The
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transition from TFL current (s = 10.1 and s = 3.6 for sample C1, and s = 9.7 for sample C2)
directly into the SCE (ohmic region) in case of Au/YMO/NbSTO can be the sign of carriers
trapped by the deep traps [118]. Au/YMO/NbSTO junctions are in HRS.
Presented results of analyses of BRS observed in Au/YMO/NbSTO (Fig. 4.42) and pro-
posed mechanism based on SCL currents remain in agreement with the published works
[138][160][161]. Although proposed mechanism is based on the simplified assumptions,
research on BRS in YMO/NbSTO can be extended and completed by the more detailed in-
vestigations, e.g. temperature-dependent transport properties, capacitance measurements,
impedance characteristics, etc.
4.5 Summary and outlook
Chapter 4 presents and discusses the transport properties and the resistive switching be-
haviour of YMnO3-based structures. Results of structural, microstructural, and chemical
characterization indicate that the properties of as-grown YMnO3 films strongly depend on
the PLD growth conditions and on the material used as a substrate for deposition. In present
study, substrate temperature (TS) and background oxygen pressure (pO2) were varied whereas
the other parameters, e.g. laser fluency and number of laser pulses, were kept constant. Two
kind of substrates were used, namely metal-coated oxide (Pt/Ti/SiO2/Si and Pt/Al2O3) and
oxide (Nb-doped SrTiO3).
Hexagonal YMnO3 thin films deposited on metal-coated substrates exhibits electroforming-
free, nonvolatile unipolar resistive switching (URS). Memory window characterized by ROFF/
RON is large and varies between 103 and 105, depending on the value of the resistance in HRS.
Based on the results of the electrical characterization, it is concluded that the observed URS
phenomena originate from the formation and the rupture of metallic-like filaments within
the semiconducting matrix of YMnO3. It is assumed that the grain boundaries and/or fer-
roelectric neutral domain walls and/or charged topological defects (i.e. charged domain
walls and vortex cores) serve as a support for the filament formation. Preferential nega-
tive polarity of set process denotes that the growth of filament is favoured when positively
(negatively) charged defects migrate towards TE (BE). If the growth of filament comprises
electro-migration of only positively (negatively) charged defects which pile-up on the re-
spective electrode, preferential negative polarity suggests that the filament growth proceeds
from the cathode (anode) towards the anode (cathode). Standard explanation of RS in the
electrochemical metallization memory cells indicates that the growth of the conical-shaped
filaments proceeds from the cathode towards the anode [37]. Growth of the filament and the
assisting phenomena in YMnO3-based junctions which exhibit URS is discussed in detail in
the next chapter (Sections 5.7 and 5.8).
Results of the electrical characterization indicate that the unintentional doping of inves-
tigated YMnO3 films is achieved by the diffusion of the metal constituting top and bottom
electrodes. This doping facilitates observed URS and contributes to the electrical transport.
On the other hand, the decrease of pO2 during PLD yields increase in the concentration of
intrinsic defects what also supports URS. YMnO3-based MIM structures with Au and Pt/Ti
or Pt top and bottom electrodes, respectively, suffer from the low endurance. The latter
is attributed to the excessive heat release during switching which induces the subsequent
modifications of the top (and possibly bottom) electrodes and leads eventually to the per-
manent breakdown of the switching junctions. Large memory window and very good re-
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tention properties indicate that YMnO3-based MIM structures are promising candidates for
the memristive devices. The biggest drawbacks of investigated YMnO3-based unipolar re-
sistive switches are the low endurance, high set voltage (Vset), and high reset current (Ireset).
Table 4.3 presents the comparison of parameters characterizing the performance of selected
unipolar resistive switches reported in literature and investigated in this work.
In order to improve the URS characteristics of YMnO3-based MIM structures, namely
endurance, and to decrease working parameters like Vset and Ireset, knowledge of detailed
mechanisms involved in the observed phenomena is essential. Understanding of the physical
origin of URS allows for material engineering of YMnO3-based stacks and for estimation of
the scaling-down and integration possibilities.
Structure dRS ROFF\RON Endurance Retention VW VR Ref.
[nm] [V] [V]
Industrial requirements
VW-1<VR
>101 >103-107 >10 years mV - few V VR<VW [49]
Unipolar resistive switching
Pt/h-YMnO3 Set: 2.2 - 10
/Pt/TiO2 300 105 103 105 s Reset: 0.6 - 1.3 0.1 [106]
Au/ZnMnO3 Set: 10
/Pt/Ti 200 104-105 1.5×102 3.6×103 s Reset: 1 0.1 [164]
Au/ZnMnO4 Set: 10
/Pt/Ti 200 105-107 1.5×102 3.6×103 s Reset: 1 0.1 [164]
(Al)Pt/MnOx Set: 8
/Pt/Ti 150 103-105 1.2×102 105 s Reset: 1 0.3 [165]
TiN/WOx Set: 3
/W 66 4×100-101 107 104 s Reset: 3.3 0.3 [166]
Pt/SmGdO3 Set: 2.5
/Pt/TiO2 75 101-102 1.2×102 103 s Reset: 1.3 0.1 [146]
This work
A1
Au/h-YMnO3 160 105 2×101 5.4×104 s Set: 15 0.2
/Pt/Ti Reset: 1.5
A2
Au/h-YMnO3 180 103 1.5×101 5.4×104 s Set: 15-30 0.2
/Pt/Ti Reset: 2-4
B1
Au/h-YMnO3 240 106 <101 5.4×104 s Set: 15-30 0.2
/Pt Reset: 2
B2
Au/h-YMnO3 290 104 <101 5.4×104 s Set: 15-30 0.2
/Pt Reset: 2-5
Tab. 4.3: Comparison of parameters characterizing the performance of selected unipolar resistive switches
reported in literature and obtained in this work. dRS, VW, VR and retention correspond to thickness of switching
medium, write voltage, read voltage and retention time, respectively.
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Bipolar resistive switching (BRS) observed in Au/orthorhombic-YMnO3/Nb-doped SrTiO3/
Al junctions is attributed to the complementary electronic and ionic processes within the
junction under applied electric field. Observed BRS phenomena relies on the p-YMnO3/n-
Nb:SrTiO3 properties and requires the electroforming step. The latter modifies properties of
the YMnO3/Nb:SrTiO3 interface and introduces additional defect states which act as a trap-
ping centres for the injected electrons. Width of depletion layer and distribution of defects
within depletion layer change with accordance to the direction of the applied electric field.
Conductive paths consisting of filled traps (injected charge carriers subsequently trapped by
defects) are formed and ruptured under positive and negative bias, respectively. Observed
BRS exhibits the instability of written low resistance state when the negative bias is used
as a reading voltage. This is attributed to the unoptimized concentration and distribution of
defects. Nevertheless, BRS observed in Au/o-YMnO3/Nb:SrTiO3/Al pn-heterojunctions is
an attractive and promising phenomenon, mainly because of the low write and read out volt-
ages, and absence of metal bottom electrode. Use of highly doped oxide substrate instead of
metal-coated substrates is beneficial for the homogeneity of deposited YMnO3 films. In ad-
dition, exploitation of RS in pn-heterojunctions offers a possibility of further functionalities
of memristive devices, e.g. related to their optical [167] and photodetecting [154] properties.
Results of the structural characterization indicate that YMnO3 films deposited on Nb-
doped SrTiO3 are of orthorhombic phases with the nanocrystalline structure. As already
discussed, contribution of the charged topological defects (specific for ferroelectric phase)
into the BRS observed at room temperature is discarded as the plausible mechanism of the
observed BRS phenomena. Therefore, BRS in Au/YMnO3/Nb:SrTiO3/Al junctions was not
investigated further in detail. Table 4.4 presents the comparison of parameters characterizing
the performance of selected bipolar resistive switches reported in literature and investigated
in this work. Industrial requirements such as high endurance and retention time have not
been investigated in this study. Instead, conducted experiments focus on understanding of
the observed BRS phenomena, including electroforming process, impact of intrinsic defects,
and transport properties of junctions in as-prepared and resistive switching states. It has been
concluded that material engineering covering doping and concentration/distribution of point
defects within the o-YMnO3 could yield a very good BRS performance of YMnO3-based
pn-heterojunctions, and possibly eliminate the need of electroforming process.
Next chapter of this dissertation, Chapter 5, aims in the elucidation of the observed unipo-
lar resistive switching phenomena. It presents the results of comprehensive, structural and
chemical analyses rather than of the electrical characterization of YMnO3-based memristive
structures. In addition, polarity-dependent phenomena which assist observed URS are shown
and discussed in detail.
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Structure dRS ROFF\RON Endurance Retention VW VR Ref.
[nm] [V] [V]
Industrial requirements
VW-1<VR
>101 >103-107 >10 years mV - few V VR<VW [49]
Bipolar resistive switching
In/h-YMnO3 Set: 2
/Nb:SrTiO3 330 103 102 5×104 s Reset: -2 to -6 0.5 [139]
Ag/GeSe Set: 0.24
/W 20 106 106 105 s Reset: -0.08 - [168]
Ag/a-Si Set: 5
/poly-Si 50 106 108 104 s Reset: -3 0.5 [169]
Ag/ZnO:Mn Set: 2
/Pt 30 107 102 107 s Reset: -2 0.1 [170]
TiN/HfO2 Set: 1.3
/Ti/TiN 10 101 103 - Reset: -1.1 - [171]
This work
C1
Au/o-YMnO3 100 1.1 ×102 4×101 9×102 s Set: 1.8 -1.5
/Nb:SrTiO3 Reset: -4
C2
Au/o-YMnO3 95 9 ×102 4×101 9×102 s Set: 2 -0.8
/Nb:SrTiO3 Reset: -2
Tab. 4.4: Comparison of parameters characterizing the performance of selected bipolar resistive switches re-
ported in literature and obtained in this work. dRS, VW, VR and retention correspond to thickness of switching
medium, write voltage, read voltage and retention time, respectively.
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5 Mechanism of unipolar resistive
switching in YMnO3
This chapter presents the results of analyses of structural, chemical (along with the point
defects) and ferroelectric properties of four different YMnO3-based metal-insulator-metal
structures. The aim of research discussed in this part of dissertation is to clarify the mecha-
nisms which govern the unipolar resistive switching (URS) in YMnO3-based junctions pre-
sented in Chapter 4. Knowledge and understanding of physical origin of URS is essential
for material engineering of YMnO3-based stacks with tailored memristive properties and for
estimation of their scaling-down and integration perspectives.
This chapter is organised as follows. Firstly, the overview of the samples investigated in
this part of the study, including PLD growth parameters and main results concerning resis-
tive switching behaviour, are given in Section 5.1 and 5.2, respectively. Next, structural,
microstructural, and ferroelectric properties of prepared YMnO3-based stacks are presented
in Section 5.3 and 5.4, respectively. Chemical compositions of investigated YMnO3 films
based on the results of Auger Electron Spectroscopy and Rutherford Backscattering Spec-
trometry are discussed in Section 5.5. The problem of point defects, including theoretical
aspects and the results of Variable Energy Positron Annihilation Spectroscopy, is covered in
Section 5.6. Section 5.7 presents the polarity-dependent, morphological changes of the top
electrodes induced by applied bias. These observations are analysed in regard to the for-
mation of filaments in YMnO3. Discussion and proposed mechanism of unipolar resistive
switching in YMnO3-based stacks are presented in Section 5.8. Summary and outlook of
this chapter is given in Section 5.9.
5.1 Sample overview (2)
Within the time framework of this dissertation, good reproducibility in growth of YMnO3
films on the Pt/Ti/SiO2/p-Si substrates by pulsed laser deposition (PLD) was not achieved.
This issue was not observed when Pt/Al2O3 was used as substrate. In order to comply with
this issue, careful inspection of the PLD equipment (including heating unit and re-calibration
of laser energy density) and of the YMnO3 ceramic target employed in PLD process was
conducted.
In the course of conducted experiments and obtained results, following conclusions are
stated:
(1) the main reason of the observed differences in the morphology (indicated by SEM) of the
YMnO3 deposited on the Pt/Ti/SiO2/p-Si substrates is the different thickness of Pt, Ti and
SiO2 layers (as observed by cross section TEM) in the substrates;
(2) morphology of deposited YMnO3 strongly depends on the substrate temperature and on
the thickness of the Pt and Ti layers. Substrate during the PLD is heated from the bottom side
by the resistive heater. The temperature reached at the surface of the substrate is influenced
by the thickness of the insulating SiO2. Although small difference in temperature distribution
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is expected, it influences the crystallization of YMnO3 and the inter-diffusion between Ti and
Pt layers. In consequence, Pt/Ti surface is rough and not homogeneous, possibly with lower
temperature than desired 800°C, what leads to the disparity of deposited YMnO3 films;
(3) lower oxygen pressure used for the deposition, i.e. pO2= 0.018 mbar falls in the pO2-
unstable region during PLD process. The latter one originates from the specification of the
PLD equipment and is related to the transient region in the control of oxygen flow by mass-
flow controllers with the gate valve closed (higher pO2) and open (lower pO2). In order to
avoid possible inhomogeneity of deposited YMnO3 films, the lower pressure of oxygen has
been changed to pO2= 0.013 mbar which falls in the pO2-stable region.
PLD parameters and growth conditions of YMnO3 films presented in this chapter are sum-
marized in Table 5.1. They were the same as in the case of PLD growth of films discussed in
Chapter 4 except of the oxygen pressure (pO2). In order to keep the stable growth conditions,
lower pO2 was decreased to the value of 0.013 mabr.
Sample Substrate TS pO2 PLD pulse number Thickness (method)
[°C] [mbar] [nm]
A4 PTS 800 0.180 6000 240 (TEM, SE)
A5 PTS 800 0.013 6000 290 (TEM, SE)
B3 PA 800 0.180 6000 240 (TEM, SE)
B4 PA 800 0.013 6000 290 (TEM, SE)
Tab. 5.1: Overview of investigated YMnO3-based structures (2) and discussed in Chapter 5: sample ID, sub-
strate (notation is explained in Chapter 4), substrate temperature (TS) and oxygen pressure (pO2 ) during the
PLD. Thickness of the films was determined by spectral ellipsometry (SE) and TEM cross sections (TEM).
5.2 Resistive switching characteristics
Electrical characterization of samples A4, A5, B3 and B4 (Tab. 5.1) was conducted in the
same way as in the case of YMnO3-based stacks described in Chapter 4. The main results
are summarized as follows:
(1) sample A4 exhibits very good unipolar resistive switching (URS) properties and is of
mixed initial resistance (R0);
(2) sample A5 reveals volatile IV hystereses and is conductive (R0 below 1000 Ω);
(3) sample B3 does not exhibit resistive switching and is insulating;
(4) sample B4 does not exhibit resistive switching and is conductive;
URS behaviour of sample A4 is similar to that of sample A1 discussed in Section 4.3. Fig.
5.1 presents the IV characteristics of URS obtained in the measurements in which only neg-
ative (-V, Fig. 5.1 a) and only positive (+V, Fig. 5.1 b) bias polarity was applied to the junc-
tions. Separation of applied bias polarity aimed in verification of any possible differences
in URS behaviour when defined bias polarity is used. Results indicate better endurance of
URS when negative polarity is used. Moreover, polarity-dependent changes of top electrodes
induced by URS suggest less damage of TE in case of applied negative polarity. This issue
is presented and discussed more in detail in Section 5.7.
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Fig. 5.1: IV characteristics of Au/YMnO3/200 nm Pt/50 nm Ti/500 nm SiO2/Si junctions (2) representing
unipolar resistive switching induced by negative (a) and positive (b) polarity. Insets present images of TEs
taken by digital camera after series of URS events. Images indicate polarity-dependent changes of the stack
induced by URS. Diameter (area) of the TEs used for measurements in (a) and (b) equals to d1= 357 µm (A =
10.0×10-4cm2) and d2= 240 µm (A = 4.5×10-4cm2), respectively. Sample overview is given in Table 5.1.
Fig. 5.2: Characteristics of unipolar resistive switching in Au/YMnO3/200 nm Pt/50 nm Ti/500 nm SiO2/Si
junctions (2). HRS and LRS of sample A4 exhibit nonvolatile properties retained in the tests for more than
15 h (a). Resistance-temperature relations (b) indicate that HRS and LRS reveal semiconducting and metallic
character, respectively. Relation between size of TEs and the initial value of resistance (c) indicates that R0
falls into two categories of high and low conductivity of measured junctions A4. Diameter (area) of the TEs
used for measurements in (a) equals to 337 µm (A = 8.9×10-4cm2) in case of (A4, HRS), to 357 µm (A =
10.×10-4cm2) in case of (A4, LRS) and in (b) it equals to 337 µm (A = 8.9×10-4cm2), respectively. Sample
overview is given in Table 5.1. Lines in (c) are guidelines for eyes only.
Characteristics describing the URS behaviour of sample A4, i.e. Au/YMnO3/200 nm
Pt/50 nm Ti/500 nm SiO2/Si junctions (2) remains in agreement with results obtained for
sample A1. Results of retention tests, temperature dependence on resistance in HRS and
LRS are shown in Fig. 5.2. Activation energy of conduction in HRS and α describing
LRS equal to EA = 0.37 ± 0.02 eV and α = 0.0008 ± 0.0003 °C-1. Both values are lower
than in case of sample A1 with EA = 0.45 ± 0.01 eV and 0.0018 ± 0.0003 °C-1 and are
related to the differences in material properties (e.g. concentration of point defects) of both
junctions. Relations between resistance in HRS (RHRS) and in LRS (RLRS), |V|switch, |I|switch,
Pswitch and Eswitch induced by -V and +V, for both set and reset processes, of sample A4 are
presented in Fig. 5.3. It can be seen that there are no significant differences between results
obtained by application of -V and +V. Values of |V|set, Pset, |I|reset and Preset tend to decrease
with the decrease of the diameter of TE what favours use of the smaller electrodes. This, in
turn is beneficial for scaling-down and integration of the URS memory cells for electronic
applications.
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Fig. 5.3: Relation between size of TEs and the RHRS (a), |V|, |I|, P and E of set (b, c) and between the RLRS (d),
|V|, |I|, P and E of reset (e, f) describing the URS properties of Au/YMO/PTS (2) with YMnO3 grown at pO2 =
0.018 mbar. Solid and empty points correspond to the results obtained by applying negative and positive bias,
respectively. Sample overview is given in Table 5.1.
Results of electrical characterization of samples A5, B3 and B4 are shown in Fig. 5.4. In
addition to current density-voltage characteristics, images displaying the top electrodes (TEs)
after electrical measurements are presented. None of these stacks reveal resistive switching
behaviour. It can be seen that although junctions do not switch and regardless of their R0,
significant damage of TEs is observed in case of sample B3 and B4.
Sample B3, i.e. Au/YMnO3/100 nm Pt/Al2O3 with YMnO3 deposited at pO2= 0.018 mbar
is initially insulating and increase of the applied voltage leads to the hard breakdown of the
junctions.
YMnO3 in samples A5 and B4 was grown at low pO2= 0.013 mbar what results in the
high conductivity of prepared stacks. Due to the high conductivity originating from the high
concentration of defects, resistive switching in these structures was not achieved. In case of
sample A5, small hystereses in IV characteristics were observed when specific conditions
of high compliance current (around 0.1 A - 0.3 A) and relatively high voltage (around 5 V)
were used. Further investigation indicated that this phenomenon can be compared to the
volatile bipolar resistive switching behaviour and most likely originates from the migration
of defects present in excess in sample A5 (see Section 5.6).
In summary, YMnO3-based stacks discussed in this chapter exhibit various electrical trans-
port properties. Only sample A4 exhibits unipolar resistive switching. In addition, none of
the samples reveal resistive switching when platinum instead of gold is employed as a top
electrodes. This result underlines the importance of gold in observed URS.
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Fig. 5.4: IV characteristics of Au/YMnO3/200 nm Pt/50 nm Ti/500 nm SiO2/Si (a) and Au/YMnO3/100 nm
Pt/Al2O3 (b, c) junctions with YMnO3 grown at pO2 = 0.180 mbar (b) and pO2 = 0.013 mbar (a, c). Insets
present the images of TEs taken after electrical measurements by the digital camera attached to the probe
station. Diameter (area) of the TEs used for measurements in (a, b, c) equal to 760 µm (A = 45.3×10-4cm2).
Sample overview is given in Table 5.1.
5.3 Structural and microstructural properties
Structural properties and surface morphology of as-grown YMnO3 (YMO) films discussed
in this chapter were characterized by SEM, AFM, and XRD measurements. Results of these
investigations are presented in Figs. 5.5, 5.6, 5.7, and 5.8, respectively.
As discussed in Section 5.1, despite the same PLD conditions, surface morphology of
YMO films deposited on Pt/Ti/SiO2/p-Si (PTS) substrates presented in Figs. 5.5 a, c, 5.6 a,
c, and 5.7 a, c (samples A4 and A5), differ from the one presented in Figs. 4.1 a, d, 4.2 a, d,
and 4.3 a, d. On the contrary, YMO films deposited on Pt/Al2O3 (PA) substrates exhibit very
good reproducibility, concerning both surface morphology and thickness of deposited films.
Fig. 5.5: SEM images presenting the surface morphology of as-grown YMnO3 films deposited on PTS (a, c)
and PA (b, d) substrates at pO2 = 0.180 mbar (a, b) and at pO2 = 0.013 mbar (c, d). Sample overview is given in
Table 5.1.
Results of XRD measurements (Fig. 5.8) indicate that all YMO films are of hexago-
nal, polycrystalline structure. It can be seen that XRD reflections are better resolved and
give a better insight into structural properties when compared to the XRD results presented
96 5 Mechanism of unipolar resistive switching in YMnO3
in Fig. 4.4. This has been achieved by adjusting the measurement parameters, including
much longer measurement time (at least 6 h). Hexagonal YMnO3 is an uniaxial ferroelec-
tric with the polarization along c-axis. Therefore, in order to attain perpendicular alignment
of polarization axis with respect to the electrodes in planar stack, YMO thin film has to be
(0001)-oriented. The latter one corresponds to the family of <004> crystallographic direc-
tions. It can be seen that this is observed only in case of films deposited at lower pO2 (Fig.
5.8 c, d). Strong (002) and (004) XRD reflection in case of sample B4 suggests preferential
orientation of growth of YMO on Pt/Al2O3 substrate at lower pO2 .
Fig. 5.6: AFM images (a, b) and corresponding 3D maps (c, d) of as-grown YMnO3 films (2) deposited on
PTS (a, c) and PA (b, d) substrates at pO2 = 0.180 mbar. RMS values calculated for (2x2) µm
2 equal to 22.4 nm
(a, c) and 6.1 nm (b, d). Sample overview is given in Table 5.1.
Fig. 5.7: AFM images (a, b) and corresponding 3D maps (c, d) of as-grown YMnO3 films deposited on PTS
(a, c) and PA (b, d) substrates at pO2 = 0.013 mbar. RMS values calculated for (2x2) µm
2 equal to 11.6 nm (a,
c) and 5.7 nm (b, d). Sample overview is given in Table 5.1.
In order to gain a more detailed information concerning structural properties and quality
of prepared YMnO3-based stacks, cross-section TEM investigations were conducted on as-
prepared samples. Results of Conventional Transmission Electron Microscopy (CTEM) are
presented in Fig. 5.9. CTEM cross-sections of sample A4 and A5 shown in Fig. 5.9 a and
c, respectively, confirm a significant inter-diffusion and mixing of Pt and Ti layers. As a
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consequence, bottom electrode consists of a mixed, non-homogeneous Pt-Ti layer character-
ized by high roughness. In addition, Pt-Ti/SiO2 interface is also not uniform what suggests
the contribution of Si and/or O into the intermixing process. These processes are revealed
even better by the results of Scanning Transmission Electron Microscopy (STEM) presented
in Fig. 5.10. Deposition of any oxide, including YMO, on non-homogeneous and rough
substrate results in non-homogeneity of oxide properties, including structure, roughness,
thickness, chemical composition, etc. CTEM and STEM cross-sections of YMnO3/Pt/Al2O3
stacks presented in Fig. 5.9 and Fig. 5.10, respectively, indicate better homogeneity of sam-
ples B3 and B4. YMnO3/Pt and Pt/Al2O3 interfaces are smoother and more uniform than in
case of YMnO3/Pt/Ti/SiO2 stacks. As expected, YMO films deposited on PA are denser and
more homogeneous. However, it can be seen that the bottom layer of YMO in sample B3 is
amorphous. YMO layer in sample B4 is fully crystallized.
Fig. 5.8: XRD diffraction patterns of as-grown YMnO3 films (2) deposited on PTS (a, c) and PA (b, d) sub-
strates at pO2 = 0.180 mbar (a, b) and pO2 = 0.013 mbar (c, d). XRD reflections observed in case of all of
the samples correspond to the polycrystalline, hexagonal phase of YMnO3 (ICDD, PDF: 25-1079). Sample
overview is given in Table 5.1.
Results of HAADF-STM-EDX (HAADF-EDX) studies of as-prepared sample A4, en-
abling EDX analyses of selected areas during STEM investigation, are presented in Fig.
5.11. It can be seen that gold is detected in the middle layer of YMO film. This observa-
tion confirms conclusions regarding contribution of gold in the resistive switching made in
Chapter 4. Surface diffusion proceeds much faster and easier when compared to the bulk dif-
fusion. Because deposited YMO films are polycrystalline, diffusion of gold occurs along the
grain boundaries and is regarded as a surface diffusion. In addition, YMO films, especially
grown on PTS substrates are not dense and gold might reach deeper parts of the films already
during the sputtering of top electrodes. Intermixing between Pt bottom electrode and Ti ad-
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hesion layer during PLD is confirmed by the results of HAADF-EDX analyses Fig. 5.11 (e,
f). Titanium, similar to gold, diffuses along the grain boundaries into Pt layer where it forms
precipitate-like regions (area 5 in Fig. 5.11). On the other hand, Pt clusters are found on the
bottom of Ti layer (area 6 in Fig. 5.11) indicating diffusion of both, Ti and Pt.
Fig. 5.9: TEM cross-sections of as-grown YMnO3 films (2) deposited on PTS (a, c) and PA (b, d) substrates at
pO2 = 0.180 mbar (a, b) and pO2 = 0.013 mbar (c, d). (a) and (c) in (b) denote amorphous and crystalline phase of
YMnO3. Presented images were acquired in Conventional Transmission Electron Microscopy (CTEM) mode.
Sample overview is given in Table 5.1.
Fig. 5.10: STEM cross-sections of as-grown YMnO3 films (2) deposited on PTS (a, c) and PA (b, d) sub-
strates at pO2 = 0.180 mbar (a, b) and pO2 = 0.013 mbar (c, d). Presented images were acquired in Scanning
Transmission Electron Microscopy (STEM) mode. Sample overview is given in Table 5.1.
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Fig. 5.11: STEM cross-section (a) of as-grown YMnO3/Pt/Ti/SiO2/p-Si structure (sample A4) and results of
HAADF-EDX analyses of area selected as 1-6 in (a). Cu signal originates from the Cu elements used during
measurement and therefore is not regarded as the contamination of the YMnO3 film. Sample overview is given
in Table 5.1.
5.4 Ferroelectric properties
The hypotheses of present dissertation claim that hexagonal YMnO3 (YMO) exhibits re-
sistive switching (RS) phenomena which is related to the presence of charged topological
defects (e.g. charged domain walls). The latter ones are presumed to act as a support for fil-
ament formation and to induce electroforming-free RS. Results presented in Chapter 4, Sec-
tion 4.3 confirm electroforming-free, unipolar resistive switching (URS) in Au/YMnO3/metal-
coated substrate stacks. Origin of observed URS is assigned to formation and rupture of
metallic-like filaments within semiconducting matrix of YMO. It is assumed that grain bound-
aries and/or ferroelectric(neutral) domain walls and/or charged topological defects serve as
a support for filament formation.
Ferroelectric properties of samples described in Chapter 4 (A1, A2, B1, B2, C1, C2) were
tested on a large scale by a standard polarization-electric field (PE) and by PUND (Positive,
Up, Negative, Down) measurements with the use of top electrodes. Results of these measure-
ments (not presented here) indicate that samples do not exhibit ferroelectric switching what
can be related to the high leakage current which is a typical feature of multiferroic materials
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[172][173].
In order to verify one of the key hypotheses regarding the contribution of charged topo-
logical defects in the URS of YMnO3-based junctions, ferroelectric domain structure and
local ferroelectric properties of samples A4, A5, B3, B4 were investigated by Piezoresponse
Force Microscopy (PFM). Results presenting simultaneously measured surface topography,
PFM amplitude and PFM phase of samples A4, A5, B3 and B4 in as-grown state, and after
poling with -9.5 V and +9.5 V, are shown in Fig. 5.12, 5.13, 5.14 and 5.15, respectively.
It can be seen that PFM measurements conducted on as-grown YMO thin films do not re-
veal typical clover-leaf domain structure reported for the hexagonal single-crystals of YMnO3
[18][88] and for the other single-crystalline hexagonal manganites [19][20].
Next, samples A4, A5, B3 and B4 were poled with -9.5 V and +9.5 V (tip and BE
is grounded and biased, respectively) which is expected to align out-of-plane polarization
downwards (Pdown, towards BE) and upwards (Pup, towards TE), respectively. In case of fer-
roelectric material this polarization alignment is be observed as a change in amplitude and
phase of PFM signal. Change in PFM signal (both amplitude and phase) after poling is ob-
served only in case of YMnO3 deposited on PTS (Fig. 5.13) and PA (Fig. 5.15) substrates
at lower pO2 = 0.013 mbar. PFM response of sample B4 resembles PFM response of ferro-
electric material with reversal in phase response indicating expected polarization alignment.
Zero PFM amplitude signal at the boundary of reversed phase contrast is usually assigned to
the domain wall [173]. Contrast in PFM amplitude obtained after poling of sample A5 (Fig.
5.13) is likely caused by surface charging and/or charge injection phenomena, not by the fer-
roelectric switching [173]. As discussed in Ref. [172] and [173], precaution has to be taken
when interpreting results of PFM and PEmeasurements. For instance, PFM hysteresis can be
the result of electrostatic interactions between sample and tip, charge redistribution within
the sample or surface charging [173]. It should be noted that out-of-plane PFM response
should be enhanced in (0001)-oriented ferroelectric YMnO3 films where polarization axis is
aligned perpendicularly to the electrodes. This is observed in case of sample B4 which, as
indicated by XRD measurements, (Fig. 5.8 d), exhibits preferential (0001) orientation.
In summary, according to the results of PFM measurements and local PFM hysteresis, all
of the investigated YMnO3 films do not exhibit ferroelectric properties measurable as a P-E
hysteresis. Results of PFM suggest that sample A5 and B4 show ferroelectric behaviour,
however, results of local PFM hysteresis do not confirmed that. Obtained results impose
the absence of domain walls and vortex cores and, therefore, lack of the charged topolog-
ical defects. It is concluded that clover-leaf domain structure and charged domain walls
shown in Refs. [18][19][20][88] are characteristic features of bulk, single-crystalline hexag-
onal manganites. In addition, it has been reported that the unit cell volume and distortion of
nanocrystalites below 100 nm are different than in the bulk YMnO3. These deviations induce
the decrease in displacement of Y3+ ions along polar c-axis and in consequence - reduction
of ferroelectric properties [174].
Results of PFM characterization obtained on as-grown sample B4 are very similar to the
results of PFM investigation on 30 nm thin, epitaxial YMnO3 film deposited by PLD at pO2
0.02 mbar [175]. Results of PFM on 30 nm thin, epitaxial YMnO3 film do not reveal clover-
leaf domain structure and indicate no ferroelectricity in YMnO3 [175]. Good ferroelectric
properties are reported for epitaxially stabilized hexagonal TbMnO3, however, conducted
PFM measurements also did not reveal clover-leaf domain structure [176].
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Fig. 5.12: AFM (a, d) and PFM (b, c, e, f) images of as-grown (a, b, c) and poled (d, e, f) YMnO3/Pt/Ti/SiO2/p-
Si stack with YMnO3 deposited at pO2 = 0.180 mbar. As-grown sample was poled with -9.5 V and +9.5 V. (a)
and (d) correspond to the sample topography mapped simultaneously with PFM amplitude (b, e) and PFM
phase (c, f). During PFM and AFM measurements tip and BE were grounded and biased, respectively. Scale
-10 V to 10 V in (c, f) corresponds to PFM phase shift for 180°. Sample overview is given in Table 5.1.
Fig. 5.13: AFM (a, d) and PFM (b, c, e, f) images of as-grown (a, b, c) and poled (d, e, f) YMnO3/Pt/Ti/SiO2/p-
Si stack with YMnO3 deposited at pO2 = 0.013 mbar. As-grown sample was poled with -9.5 V and +9.5 V. (a)
and (d) correspond to the sample topography mapped simultaneously with PFM amplitude (b, e) and PFM
phase (c, f). During PFM and AFM measurements tip and BE were grounded and biased, respectively. Scale
-10 V to 10 V in (c, f) corresponds to PFM phase shift for 180°. Sample overview is given in Table 5.1.
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Fig. 5.14: AFM (a, d) and PFM (b, c, e, f) images of as-grown (a, b, c) and poled (d, e, f) YMnO3/Pt/Al2O3
stack with YMnO3 deposited at pO2 = 0.180 mbar. As-grown sample was poled with -9.5 V and +9.5 V. (a) and
(d) correspond to the sample topography mapped simultaneously with PFM amplitude (b, e) and PFM phase
(c, f). During PFM and AFM measurements tip and BE were grounded and biased, respectively. Scale -10 V
to 10 V in (c, f) corresponds to PFM phase shift for 180°. Sample overview is given in Table 5.1.
Fig. 5.15: AFM (a, d) and PFM (b, c, e, f) images of as-grown (a, b, c) and poled (d, e, f) YMnO3/Pt/Al2O3
stack with YMnO3 deposited at pO2 = 0.013 mbar. As-grown sample was poled with -9.5 V and +9.5 V. (a) and
(d) correspond to the sample topography mapped simultaneously with PFM amplitude (b, e) and PFM phase
(c, f). During PFM and AFM measurements tip and BE were grounded and biased, respectively. Scale -10 V
to 10 V in (c, f) corresponds to PFM phase shift for 180°. Sample overview is given in Table 5.1.
5.5 Chemical composition 103
5.5 Chemical composition
Chemical composition of as-grown YMnO3 (YMO) films were determined by Auger Elec-
tron Spectroscopy (AES) and Rutherford Backscattering Spectrometry (RBS). Results of
AES presenting the elemental depth profiles of samples A4, A5, B3 and B4 are shown in
Fig. 5.16.
Fig. 5.16: Elemental depth profiles of as-grown YMnO3 films (2) determined by AES. YMnO3 thin films are
deposited on PTS (a, c) and PA (b, d) substrates at pO2 = 0.180 mbar (a, b) and pO2 = 0.013 mbar (c, d). Due to
the different sputtering rate during measurements, the sputtering time instead of the sample depth is displayed
on the x axis. Regions denoted as 1, 2 and 3 indicate approximated surface, bulk and bottom layers of the films.
BE indicates the approximated region of the bottom electrode. Elemental distribution and concentration of Ti
were measured only in case of sample A4 (a). C origins from the contamination of the samples. Notation next
to the symbol of element indicates the spectral Auger-electron line. Sample overview is given in Table 5.1.
According to the elemental depth profiles measured by AES, YMO films can be divided
into three different regions, namely surface (1), bulk film (2) and interface (3) layer. The
boundaries of the layers are estimated as follows: surface layer ends at the point where
concentrations of Y and Mn start to be constant, bulk film layer ends at the point where Pt
starts to be detectable, interface layer ends at the point where Y is not detected any more.
Table 5.2 summarizes chemical compositions of each layer constituting sample A4, A5, B3
and B4 obtained by averaging the concentration of elements in each layer. It can be seen that
surface layer, ranging between 14 nm (B4) and 24 nm (A4) is rich in oxygen and manganese
in comparison to the composition of the bulk film. Chemical composition of all film is close
to the stoichiometric one, with small deficiency of oxygen and deviations in concentration
of Y and Mn (close to 20 at.%). Ratio of Y to Mn is higher for YMnO3 films deposited at
higher pO2 = 0.180 mbar and equals to Y/Mn = 1.05 for sample A4 and B3, Y/Mn = 0.97 for
sample A5 and Y/Mn = 0.92 for sample B4. Interface layer consists of YMnO3 intermixed
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with elements of the bottom electrode, i.e. Pt and Ti. Elements constituting the substrates (Si
and Al) were not measured, therefore their presence in the YMO films cannot be excluded.
According to the obtained AES results, Pt and Ti diffuse throughout the stack and are present
in each layer.
a) Sample A4 1 2 3 b) Sample B3 1 2 3
Thickness [nm] 24 182 34 Thickness [nm] 17 195 29
Y 19.5 21.5 12.2 Y 17.4 20.6 14.6
Mn 22.7 20.5 12.3 Mn 19.5 19.7 16.6
O 57.3 56.7 48.4 O 62.7 59.3 56.8
Pt 0.1 0.3 18.6 Pt 0.2 0.2 11.9
Ti 0.0 0.1 7.9 Ti - - -
C 0.5 0.9 0.6 C 0.2 0.1 0.1
c) Sample A5 1 2 3 d) Sample B4 1 2 3
Thickness [nm] 17 235 38 Thickness [nm] 14 247 29
Y 17.7 20.2 10.0 Y 17.6 19.5 11.1
Mn 23.0 20.8 17.6 Mn 24.6 21.2 21.7
O 58.8 58.6 55.9 O 57.4 58.9 55.4
Pt 0.3 0.3 16.5 Pt 0.3 0.2 11.5
Ti - - - Ti - - -
C 0.2 0.2 0.0 C 0.1 0.1 0.1
Tab. 5.2: Chemical composition of YMnO3 films (2) according to the results of AES. Table summarizes esti-
mated thickness of surface (1), bulk (2) and interface (3) layers of as-grown YMnO3 films deposited on PTS
(a, c) and PA (b, d) substrates at pO2 = 0.180 mbar (a, b) and at pO2 = 0.013 mbar (c, d) as well as chemical
composition of each of them. Concentration of elements is expressed in [at.%]. Elemental distribution and
concentration of Ti was measured only in case of sample A4 (a). C origins from the contamination of the films.
AES is known as a technique of high spatial resolution and chemical sensitivity. Neverthe-
less, one should take into account factors which can limit the precision of data acquisition,
e.g. intermixing of the species during the measurement, different sputtering rate depend-
ing on the density, microstructure, and composition of the investigated material. Usually, in
order to eliminate the influence of these factors, material standards are used in evaluation
of collected AES data. In present case, such standards were not available. Therefore, RBS
investigations were performed as a complementary to AES studies on chemical composition
of YMnO3 films.
Fig. 5.17 presents measured and modelled RBS spectra of the as-grown YMO films.
Firstly, model of 3-layered YMO, and 1- or 2-layered bottom electrode (BE) in case of Pt or
Pt/Ti, respectively, was used in the analyses of RBS data. These models resulted in a poor
fit to experimental data. In order to improve the fit, BE was divided into 2-layered and 4-
layered structures in case of samples with Pt and Pt/Ti BEs, respectively. Results presented
in Fig. 5.17 were obtained with a model consisting of more layers (as shown in Table 5.3).
Acquired RBS spectra indicate that surface and interfaces in measured stacks are rough.
Results of data analyses reveal that intermixing between YMnO3 and elements of bottom
electrode is pronounced in case of samples A4 and A5 (i.e. junctions with Pt/Ti/SiO2/Si
substrates). According to the results of RBS data analyses, Pt and Ti are not present in the
surface layer and/or bulk YMnO3 films.
5.5 Chemical composition 105
It can be seen that the modelled RBS spectra do not represent well the experimental data
in the region of interface layer, bottom electrode and substrate. This is due to the difficulties
in fitting of the modelled spectra to the experimental data which show pronounced diffusion
and intermixing processes between the layers constituting investigated stacks. As it can be
seen in Fig. 5.17, RBS signals corresponding to each element (Y, Mn, O, Pt, etc.) are over-
lapping what makes the data modelling more difficult. RBS spectra presented in Fig. 5.17
were acquired with the use of 1.7 MeV 4He+ ions. Increase of kinetic energy of impinging
4He+ ions results in separation of signals from Y, Mn, Pt and O what in turn facilitates data
analyses and improves the reliability of modelled chemical composition. Results of RBS
on sample A4 and B3 obtained with the use of 3.9 MeV 4He+ ions are presented in Fig.
5.18. For a better overview, curves corresponding to RBS spectra of the idealized stacks
with stoichiometric composition of YMO, bottom electrode (Pt or Pt/Ti) and substrate are
presented. The RBS data of idealized stacks show well-separated parts of spectra assigned
to Y, Mn, Pt, Ti and O. It can be seen that measured RBS spectra deviate from the idealized
one. These deviations indicate aforementioned diffusion of elements, intermixing of layers
and roughness of interfaces present in the stacks.
Fig. 5.17: Results of RBS of as-grown YMnO3 films (2) deposited on PTS (a, c) and PA (b, d) substrates at pO2
= 0.180 mbar (a, b) and pO2 = 0.013 mbar (c, d). Small hump observed around 1200 MeV suggests increased
amount of manganese in the vicinity of and in bottom electrode. RBS data acquisition was done with the use
of 1.7 MeV 4He+ ions. Collected RBS data were modelled with SIMNRA software [111]. Sample overview is
given in Table 5.1.
Results of modelling of RBS data indicating areal density of atoms (dRBS, in [×1015
at/cm2]) and chemical composition (in [at.%]) of samples A4, A5, B3 and B4 are sum-
marized in Table 5.3. Results concerning chemical composition of samples A4 and B3 were
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modelled on RBS data acquired with 3.9 MeV 4He+ ions. Results concerning chemical com-
position of samples A5 and B4 were modelled on RBS data acquired with 1.7 MeV 4He+
ions with the starting values obtained for samples A4 and B3, respectively. Estimated chem-
ical compositions of investigated stacks based on the results of AES (Table 5.2) differ from
results obtained by modelling of RBS data (Table 5.3). As discussed above, observed devi-
ations are due to the analyses of AES data without respective material standard. Therefore,
in this work, chemical composition of investigated stacks is defined according to the results
of modelling of RBS data. Due to the intermixing of layers in YMnO3-based stacks, error in
defined composition can not be excluded.
Fig. 5.18: Comparison of measured (red line) and idealized (blue line) RBS spectra obtained with 3.9 MeV
4He+ ions on as-grown YMnO3 stacks (2) deposited on PTS (a) and PA (b) substrates at pO2 = 0.180 mbar.
Increase of kinetic energy of impinging 4He+ ions used in RBS from 1.7 MeV (Fig. 5.17) to 3.9 MeV allows
better separation of signals from Y, Mn, Pt and O. Idealized spectrum was simulated for stoichiometric com-
position of each layer in A4 (a) and B3 (b) stacks. Deviations of experimental, measured spectrum form the
simulated one indicate diffusion and intermixing of elements as well as the roughness of interfaces. Sample
overview is given in Table 5.1.
Based on the results of modelling of RBS data supported by the elemental distribution
acquired by AES, following conclusion are drawn:
(1) within all YMnO3 films three layers are distinguished: surface, bulk and interface layer;
(2) surface layers are thin (15 nm - 25 nm) and rich in oxygen;
(3) the thickest, bulk YMnO3 film layers exhibit excess of oxygen (except of sample B4) and
metal cation deficiency. In case of samples A4 and A5, vacancies of both, yttrium and man-
ganese are present. Samples B3 and B4 show Mn deficiency as well as stoichiometric and
excess amount of Y, respectively. No clear trend in chemical composition of bulk YMnO3
with respect to the different pO2 used for PLD deposition is observed;
(4) interface layer consists of YMnO3 intermixed with Pt and Ti. Pronounced interdiffusion
of Mn, Pt, Ti and Si is observed in case of samples A4 and A5. Pt and Ti are not observed in
surface and bulk layers of investigated stacks;
Discussions conducted in the next part of this dissertation, including results on point defects
characterization and proposed mechanism of unipolar resistive switching are based on the
above conclusions and on the chemical compositions presented in Table 5.3.
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a) Sample A4 1 2 3 4 5 6 7 8 9
dRBS [×1015 at/cm2] 150 1455 300 430 190 800 780 11000 100000
Y 13.0 18.7 17.0 - - - - - -
Mn 13.0 12.9 14.0 1.0 1.0 - - - -
O 73.8 68.2 51.0 52.0 49.5 39.0 44.0 67.0 -
Bi 0.2 0.2 - - - - - - -
Pt - - 17.0 42.0 44.5 32.0 17.0 - -
Ti - - 1.0 5.0 5.0 8.0 10.0 - -
Si - - - - - 21.0 29.0 33.0 100
b) Sample A5 1 2 3 4 5 6 7 8 9
dRBS [×1015 at/cm2] 110 1609 507 579 552 400 480 3000 100000
Y 5.5 20.0 17.6 - - - - - -
Mn 34.1 15.9 26.1 6.1 4.6 - - - -
O 60.3 64.0 44.5 7.7 34.4 12.0 30.5 67.0 -
Bi 0.1 0.0 - - - - - - -
Pt - - 0.1 70.8 43.2 54.0 16.5 - -
Ti - - 11.6 15.4 17.8 15.0 17.0 - -
Si - - - - - 19.0 36.0 33.0 100
c) Sample B3 1 2 3 4 5 6 - - -
dRBS [×1015 at/cm2] 152 932 500 270 700 10000
Y 11.5 20.0 18.5 1.0 - -
Mn 16.4 17.6 20.3 0.7 0.7 -
O 72.1 62.4 61.2 35.3 25.3 60.0
Bi 0.1 0.1 - - - -
Pt - - - 63.0 64.6 -
C - - - - 9.3 -
Al - - - - - 40.0
d) Sample B4 1 2 3 4 5 6 - - -
dRBS [×1015 at/cm2] 152 1432 400 250 510 10000
Y 14.5 22.0 20.5 9.0 - -
Mn 16.4 17.6 27.3 4.0 0.7 -
O 69.1 60.4 52.2 1.0 4.3 60.0
Bi 0.1 0.0 - - - -
Pt - - - 86.0 94.0 -
C - - - - 9.0 -
Al - - - - - 40.0
Tab. 5.3: Chemical composition of YMnO3 films (2) according to the results of RBS. Table summarizes areal
density of atoms (dRBS) and elemental composition ([at.%]) of as-grown YMnO3 films deposited on PTS (a,
b) and PA (c, d) substrates at pO2 = 0.180 mbar (a, c) and at pO2 = 0.013 mbar (b, d). RBS spectra used for
modelling of chemical composition were acquired with the use of 3.9 MeV 4He+ ions (a, c) and 1.7 MeV 4He+
ions (b, d). Chemical composition and thickness of the layers defined for samples A4 (a) and B3 (c) served as
starting values for modelling of RBS spectra of samples A5 (b) and B4 (d). Bi and C are the contaminations of
YMnO3 films and Pt bottom electrode, respectively. RBS data were modelled with SIMNRA software [111].
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5.6 Point defect characterization
Material defects, including point and extended defects have a crucial impact on resistive
switching (RS) phenomena. Although the crucial role of point defects in RS is well known,
the detailed knowledge in this matter is still incomplete and direct measurements remain a
challenging issue.
Introduction covering the aspects of defects and their role in RS is given in Section 2.2.3
of Chapter 2. Considerations regarding formation of point defects as well as their reactions
in the binary oxides are given in Appendix B. This section presents and discusses the results
of Variable Energy Positron Annihilation Spectroscopy (VEPAS) and chemical shifts of Mn
detected by Auger Electron Spectroscopy (AES) obtained on samples A4, A5, B3, and B4
(Table 5.1).
5.6.1 Point defects in YMnO3 thin films
Point defects are zero dimensional (0D) material defects which substantially contribute to the
resistive switching. They are categorized into (i) vacancies and (ii) interstitial and/or substi-
tutional atoms of switching material and/or of dopants (including impurities). In addition,
these defects can be ionized and therefore induce local changes of the electronic structure of
their surrounding (e.g. induce the valence change of metal cations). Under applied electric
field, charged point defects diffuse more easy and migrate towards respective electrode or en-
ergetically more favourable regions such as dislocations or grain boundaries [53][130][131].
According to the results of RBS and AES, a whole range of point defects is present in the
investigated YMnO3-based stacks, namely oxygen and yttrium interstitials, manganese and
yttrium vacancies, Pt and Ti impurities which can be incorporated at the network sites or as an
interstitials. It can be concluded that investigated YMnO3-based junctions are characterized
by rather complex, depth-dependent chemical composition. Therefore, following discussion
is general and limited to the bulk YMnO3 films only. Point defects are described by Kröger-
Vink notation [177], as explained in Appendix B. Unless otherwise stated, full ionization of
point defects is assumed.
According to Table 5.3, prevailing defects in studied YMnO3 thin films are related to
the oxygen excess and metal cation (both yttrium and manganese) deficiency, i.e. oxygen
interstitial atoms (Oi) and metal vacancies (VM), respectively.
This result stands in agreement with reports on very good oxygen storage/release capacity
of hexagonal ceramic YMnO3 [178][179] and Dy1-xYxMnO3+δ [180], and recently proposed
use of hexagonal manganites (including YMnO3) as an oxygen membrane [181][182]. In
orthorhombic manganites oxygen super-stoichiometry is compensated by formation of A-site
and B-site metal vacancies [183][184]. Results of atomistic simulations concerning creation
of point defects in hexagonal YMnO3 indicate that filling of oxygen vacancies and formation
of oxygen interstitial, both accompanied by creation of holes, are the most energetically
favourable defect reactions [185]. In addition, it was shown that holes are localized rather at
oxygen sites than at manganese sites [185].
Noteworthy, YMnO3 thin films with measured excess of oxygen investigated in present
work stand in contrast to the oxygen-deficient oxides reported in most studies concerning
resistive switching.
Neutral Oi and neutral VM are formed in the reaction of oxide with oxygen (Eqs. 5.1
and 5.2). In case of the latter one, new oxygen and empty metal(s) lattice sites are created.
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Upon ionization, both Oi and VM gain a negative charge by uptake of electrons from their
surrounding what leads to hole formation, as described by Eqs. 5.3 and 5.4, respectively.
Holes, in turn, can induce manganese valence defects as presented by Eq. 5.5 what leads to
increase of Mn+4, i.e. M•Mn.
1/2O2(g)⇋ O
×
i . (5.1)
3/2O2(g)⇋ V
×
Y + V
×
Mn + 3O
×
O . (5.2)
1/2O2(g)⇋ O
′′
i + 2h
•. (5.3)
3/2O2(g)⇋ V
′′′
Y + V
′′′
Mn + 3O
×
O + 6h
•. (5.4)
Mn×Mn + h
•
⇋Mn•Mn. (5.5)
In general, defect reactions are formulated with an assumption that one kind of defect is
dominating. In case of binary oxides, formulation of defect reactions in accordance to the
rules of electroneutrality, mass balance and constant ratio of lattice sites is straightforward.
In higher-compound oxides it is a more complex task. Therefore, usually these systems
are “decomposed” to their main constituents which are treated separately, e.g. to Y2O3 and
Mn2O3 in case of YMnO3. Accordingly, metal vacancy formation and ionization in YMnO3
can be also described by Eqs. 5.6, 5.7 and 5.8, 5.9, respectively.
3O2(g)⇋ 4V
×
Y + 6O
×
O . (5.6)
3O2(g)⇋ 4V
×
Mn + 6O
×
O . (5.7)
V ×Y ⇋ V
′′′
Y + 3h
•. (5.8)
V ×Mn ⇋ V
′′′
Mn + 3h
•. (5.9)
Point defects in p-type oxides can be classified according to their impact on oxide conduc-
tivity. Enhancement in conductivity is observed in case of hole-doping defects (i.e. O′′i and
V′′′M) which increase concentration of Mn
+4. Decrease in conductivity is observed in case of
electron-doping defects (i.e. V••O andM
••
i in binary oxide MO) which increase concentration
of Mn+2.
According to the results concerning chemical composition of samples A4, A5, B3, and B4
(Table 5.3) and above discussion, bulk film layers of all studied YMnO3 films exhibit excess
of oxygen (i.e. O×i ) and/or metal deficiency (V
×
Mn, V
×
Y). Upon ionization, these defects
induce the increase in hole concentration. It can be concluded that the majority of point
defects present in the bulk layer of YMnO3 are negatively charged O′′i , V
′′′
Mn and V
′′′
Y which
increase the p-type conductivity.
It is expected that increase in concentration of metal vacancies and/or interstitial oxygen
atoms results in higher p-type conductivity. According to this scenario and to the results of
RBS, samples A4 and A5 should be more conductive than samples B3 and B4 what is not
consistent with the results of electrical characterization of as-prepared YMnO3-based junc-
tions. In addition, there is no clear relation between chemical composition determined by
RBS and conductivity of as-prepared junctions. Low-field IV characteristics indicate that
the conductivity of as-prepared junctions is low in case of sample A4 and B3, whereas in
case of samples A5 and B4 it is high. Therefore, conductivity of the investigated YMnO3-
based junctions is related to the oxygen pressure (pO2) during deposition of the YMnO3 films.
Higher conductivity is measured for samples A5 and B4, i.e. stacks consisting of YMnO3
deposited at lower pO2 = 0.013 mbar. Such relation is characteristic for n-type semiconduc-
tors, where decrease in pO2 during film preparation results in increase of oxygen vacancies
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which are donors of electrons, i.e. majority carriers. However, it should be kept in mind
that Au and Pt top electrodes form an ohmic contact with investigated YMnO3 films, what
confirms the p-type nature of measured semiconductor.
Unclear relation between modelled chemical composition, results of electrical character-
ization of YMnO3-based junctions and pO2 used during PLD underline that the transport
mechanisms and properties of YMnO3 thin films are more complex phenomena than in case
of bulk ceramic YMnO3. In case of investigated YMnO3-based junctions, measured gradi-
ents in the concentration of Y, Mn, and O within YMnO3 films as well as the doping with
elements constituting bottom electrodes (Pt, Ti) can highly influence the transport proper-
ties. In addition, microstructure of YMnO3 films can have a decisive impact on measured
conductivity of as-prepared YMnO3-based junctions.
5.6.2 Variable Energy Positron Annihilation Spectroscopy
Variable Energy Positron Annihilation Spectroscopy (VEPAS) was used for evaluation of
point defects in the studied samples A4, A5, B3 and B4. Nowadays, positron annihilation
spectroscopy is regarded as a powerful tool for investigation of defects in various materials. It
is capable of detection of neutral or negatively charged open-volume, vacancy-type defects
as well as negatively charged non-open volume defects, e.g. acceptor-type impurities or
negatively charged antisites [113]. VEPAS is a slow-positron beam technique which allows
the depth-dependent Doppler-broadening spectroscopy and, as a result, for evaluation of the
depth-resolved distribution of positron-sensitive defects.
Performed VEPAS measurements aimed in gaining a general insight into the point defects
in investigated YMnO3. Due to the time constraints, this research was limited to qualitative
analyses of acquired data. Study on point defects in any memristive oxide with the use
of positrons can be extended for quantitative analyses of data collected with VEPAS and
completed with positron life-time measurements.
Results of VEPAS in terms of S(E) and S(W) plots are presented in Figure 5.19. E denotes
the energy of incident positrons; S and W are the line-shape parameters which are used for
description of the shape of the 511-keV annihilation line. The latter one depends on the
defects in the material. In addition, S and W are characteristic for given kind of defect. S,
known also as a valence annihilation parameter, corresponds to the central, low-momentum
part of the spectrum and allows qualitative evaluation of defects in measured samples. It
is described as the ratio of the number of counts in the center (511 keV ± 0.8 keV) to the
total peak area. W, referred to as core annihilation parameter, is determined by the ratio
between wing area (≥ 511 keV + 2.8 keV) and the total peak area [186][113]. W is related
with the high-momentum part of the spectrum and reflects the chemical surrounding of the
annihilation site [113].
Fig. 5.19 a presents S(E) curves of samples A4, A5, B3 and B4. Presented plot is divided
into three regions, i.e. 1, 2 and 3, which correspond to the different depths of the samples.
Implantation depth of positrons depends on their incident energy E. Regions 1 and 2, ap-
proximately between E = 0 keV - 1.2 keV and E = 1.2 keV - 6.8 keV, correspond to the
surface and film bulk layers, respectively. Region 3, for E higher than approximately 6.8
keV, reflects properties of the substrates. S(E) curves shown in Fig. 5.19 a can be divided
into two groups, depending on the oxygen pressure and on the substrate used during PLD.
Value of S for bulk film (region 2) is higher in case of films deposited at higher pO2 = 0.180
mbar (samples A4 and B3). This denotes higher concentration of positron-sensitive defects
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in these films. “Tails” of S(E) curves are different, with increasing and decreasing S in case
of SiO2/Si (samples A4 and A5) and Al2O3 (samples B3 and B4) substrates, respectively.
Slope of the S(E) plot in region 1 (quasi-straight line reaching the plateau in S in region
2) is similar for all samples. In general, steeper slope is assigned to the shorter effective
diffusion length of positrons. According to the values of S in bulk films (region 2), the
highest concentration of positron-sensitive defects is in sample A4, next in sample B3 (pO2
= 0.180 mbar) and then in samples B4, A5 (pO2 = 0.013 mbar).
Fig. 5.19: Results of VEPAS: S(E) (a) and S(W) (b) plots. Implantation depth of positrons depends on the
positron acceleration energy E. 1, 2, 3 in (a) correspond to the estimated surface, bulk and substrate, respec-
tively, areas of the samples. The slopes of S(E) curves in region 1 are similar for all samples. Values of S
corresponding to the bulk properties indicate higher amount of positron-sensitive defects in YMnO3 deposited
at pO2 = 0.180 mbar (samples A4 and B3). Depending on the substrate, “tail” of the S(E) curves in area 3
increases (for SiO2/Si) or decreases (for Al2O3). S(W) curves (b) are aligned along one, quasi-straight line
indicating the dominance of just one type of defect in investigated films. I and III in (b) denote approximate
areas of PTS and PA substrates whereas II correspond to the estimated surface (IIa) and film bulk (IIa) region.
Data points separated by dashed line and border of region III describe samples A5, B3 and B4 and can be
assigned to the YMnO3/bottom electrode interface regions. Sample overview is given in Table 5.1.
Fig. 5.19 b presents parameter S as a function of parameter W. Plots presenting S(W)
curves are helpful in identification of defect types [113]. Alignment of (W, S) along one,
straight line indicates that only one type of defect dominates in the investigated material
[113]. S(W) curves of all samples are a quasi-straight lines. Based on the S(E) plot shown
in Fig. 5.19 a, three regions in S(W) plot can be distinguished. Region I and III correspond
to the SiO2/Si and Al2O3 substrates, respectively. It can be seen that the part of the curve
in III is slightly steeper when compared to the curves in I and II. This suggests that defects
present in Al2O3 substrates differ from the ones in SiO2/Si. Region II covers surface and
bulk regions denoted as 1 and 2, respectively, in S(E) plot. Data points aligned along line
IIa describe only samples A4 and A5 while line IIb consists of the data points describing all
of the samples. The latter one can be identified as a surface region (1 in S(E) plot). Data
points separated by dashed line and border of region III describe samples A5, B3 and B4,
and can be assigned to the YMnO3/bottom electrode interface regions (S varying between
approximately 0.51 and 0.53).
In summary, based on the results of VEPAS it can be concluded that one type of positron-
sensitive defect is dominating in the bulk film layers (i.e. in layer 2 in Figs. 5.16 and 5.19 a)
of investigated YMnO3-based stacks. The highest concentration of this defect is measured
in sample A4, next B3 and then in samples A5 and B4 on the similar level. According to
chemical compositions defined by modelling of RBS data (Table 5.3), the highest concen-
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tration of defects detectable by positrons, i.e. metal vacancies and oxygen interstitial atoms
(detectable by VEPAS if ionized) is in sample A4, what stands in agreement with results of
VEPAS. Values of S parameter measured in bulk YMnO3 films of samples A5, B3 and B4
does not match their chemical compositions.
5.6.3 Chemical shift in Auger Electron Spectroscopy
Nominal oxidation state of manganese cations in YMnO3 (YMO) is +3 (in present disserta-
tion terms “oxidation state” and “valence” are used interchangeably). Any deviation form
this oxidation state, whether being a result of preparation conditions and/or intentional dop-
ing, influence the conductivity of YMO. Presence of Mn+2 or Mn+4 in p-type YMO orig-
inates from the electron or hole doping, respectively and results in respective suppression
[99][100][101] or enhancement [103][104][105] of its conductivity (see Section 3.1).
Resistive switching (RS) induced by the effects related to the valence change (redox pro-
cesses) of metal cation is shown by a broad group of memristors. Within this group, three
main mechanisms triggered by temperature and/or electrical voltage are distinguished: ther-
mochemical, valence change and electrochemical metallization [31][49]. Presence of Mn,
which is a transition metal, gives a strong reasoning for claim that unipolar resistive switch-
ing (URS) observed in YMO is related to the redox phenomena. The latter can involve
reduction of oxygen interstitial ions (see Section 5.7) and oxidation (loss of e-) and/or re-
duction (gain of e-) of manganese cations. Therefore, knowledge concerning presence and
distribution of Mn+2 and/or Mn+4 in investigated YMO films could significantly contribute
to the understanding of observed URS.
X-ray Photoelectron Spectroscopy (XPS) is one of the mostly used techniques for gaining
the information about the chemical state of elements. In present study, depth-resolved XPS
could not be conducted on investigated YMnO3-based stacks due to equipment limitations.
The qualitative information about the depth-dependent valence state of manganese cations is
therefore based on Auger chemical shifts derived from Auger Electron Spectroscopy. Shift
of peak in Auger kinetic energy due to the oxidation of metal was reported in studies on sur-
face oxidation of Mn [187], Ta [188], V [189], Pd [190], Mg and Fe [191]. The general trend
indicates the shift of Auger kinetic energy peak towards lower values for increasing oxida-
tion state of metal [187][188][189]. Chemical shifts of the inner shell Auger electrons due to
the oxidation correspond to the increase of binding energies [188][189][192]. In case of tran-
sition metals, interpretation of chemical shifts of Auger spectra can be ambiguous because
of complex nature of 2p spectra, involving multiplet splitting, asymmetry and overlapping of
peaks [190][193][189]. This issue has been solved by introducing Auger parameter [190].
In present research, chemical shifts of Auger peak position were adapted for qualitative
investigation of depth-dependent oxidation state of manganese in YMO. Fig. 5.20 presents
the Mn L3M23V peak position (which is principal Auger-electron line [194]) with respect to
the etch time during AES. The latter reflects the depth of the stack, in analogous way to the
results presented in Fig. 5.16.
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Fig. 5.20: Depth-resolved chemical shift of Mn peak position in Auger kinetic energy of as-grown YMnO3
films (2) deposited on PTS (a, c) and PA (b, d) substrates at pO2 = 0.180 mbar (a, b) and pO2 = 0.013 mbar
(c, d). Due to the complex nature of Auger spectra of Mn which involves multiplet splitting, asymmetry and
overlapping of peaks, collected data allows only for comparable study. Regions denoted as 1, 2 and 3 indicate
approximated surface, bulk and bottom layers of the films. Trend in the shift of Mn peak position towards lower
energies for increasing oxidation state is in agreement with results of the electrical characterization. Sample
A4 (a) and B3 (b) are insulating, therefore mixture of Mn+2 and Mn+3 is expected. The large gradient in Mn
oxidation state in sample B3 (b) can be related to the amorphous structure of YMnO3 oxide (see TEM images
in Fig. 5.9) and/or accumulation of Mn close to and/or in the bottom electrode (see RBS spectra in Fig. 5.17).
Larger chemical shift, similar distribution of Mn and its oxidation state is observed in sample A5 (c) and B4
(d). These samples are conductive what corresponds to the mixture of Mn+3 and Mn+4. Because surface layer
(1) is rich in oxygen, presumable oxidation state of Mn is +4. Mn0 corresponds to the metallic manganese
[194]. Sample overview is given in Table 5.1.
Due to the complex nature of Auger spectra of Mn, as discussed above, collected data al-
low only for comparable study. Regions denoted as 1, 2 and 3 indicate approximated surface,
bulk and bottom layers of the films, the same as in case of AES depth profiles (Fig. 5.16).
Because surface layer (1) is rich in oxygen, presumable oxidation state of Mn is +4. Mn0
corresponds to the metallic manganese [194]. Trend in the shift of Mn peak position towards
lower Auger energies for increasing oxidation state stands in agreement with results of the
electrical characterization and assumption that YMnO3 is a p-type semiconductor. Sample
A4 (a) and B3 (b) are insulating, therefore mixture of Mn+2 and Mn+3 is expected. Large
gradient in Mn oxidation state measured in sample B3 (b) can be related to the amorphous
oxide layer (see TEM images in Fig. 5.9) and/or accumulation of Mn close to and/or in
the bottom electrode (see RBS spectra in Fig. 5.17). This sample does not exhibit resistive
switching. In case of samples sample A5 (Fig. 5.20 c) and B4 (Fig. 5.20 d) larger chemical
shift than in samples A4 and B3, and similar distribution of Mn and its oxidation state is
observed. These samples are conductive what corresponds to the mixture of Mn+3 and Mn+4.
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It is worth to notice the difference in Mn oxidation state close to and in the interface layer
(layer 3) of the samples A5 (Fig. 5.20 c) and B4 (Fig. 5.20 d). Larger chemical shift and
therefore higher concentration of Mn+4 is observed in case of sample A5. It can be implied
that observed increase of chemical shift is related to the diffusion of Ti into YMnO3. Further-
more, sample A5 exhibits lower (but still high) conductivity when compared to sample B4.
This suggests that diffused titanium can induce local reduction of manganese what points
towards incorporation of Ti+4.
In summary, chemical composition and point defects in bulk YMnO3 film layers (i.e. in
layer 2 shown in Figs. 5.16 and 5.19 a) of investigated YMnO3-based stacks were evaluated
respectively by AES, RBS, and by VEPAS, Mn chemical shifts. Results of the electrical
characterization of as-prepared A4, A5, B3, and B4 junctions indicate low and high con-
ductivity in case of samples A4, B3 (with YMnO3 deposited at pO2 = 0.180 mbar) and A5,
B4 (with YMnO3 deposited at pO2 = 0.013 mbar), respectively. Similar trend in division of
samples between A4, B3 and A5, B4 is observed in the results of VEPAS. The highest con-
centration of positron-sensitive defects, what corresponds to the higher value of S parameter,
is detected in samples A4 and B3. Defects acting as the positron traps, e.g. V′′′Mn, V
′′′
Y , O
′′
i are
the hole donors and their presence should increase conductivity of the p-type semiconductor.
Results of modelling of RBS data confirm that the bulk film layers of investigated YMnO3
films are metal-deficient and exhibit excess of oxygen.
Conductivity of as-prepared YMnO3-based junctions, along with the pO2 used during PLD
and with the results of VEPAS suggest the n-type semiconducting behaviour of YMnO3 thin
films. Experiments conducted on ceramic bulk YMnO3 clearly indicate the p-type conductiv-
ity [92][93][94][78][95]. In present work, YMnO3 thin films deposited on Nb-doped SrTiO3
substrates, i.e. samples C1 and C2 (Table 4.1) exhibit p-type semiconducting behaviour, as
discussed in Section 4.2.5. In addition, Au and Pt top electrodes form an ohmic contact with
investigated YMnO3 films, what indicates the p-type nature of measured semiconductor.
Based on the obtained results of electrical characterization and chemical composition of
the as-prepared YMnO3-based junctions, it can be concluded that YMnO3 films exhibit p-
type conductivity but the mechanisms governing the transport properties are more complex
phenomena than in case of bulk ceramic YMnO3. Obtained results do not allow to specify
what is the exact conduction mechanism of investigated YMnO3 thin films.
5.7 Polarity-dependent morphological changes of top
electrodes
Morphological change of anode (positively biased electrode in RS cell) due to the evolu-
tion of oxygen gas bubbles during filament formation in single-crystalline SrTiO3 was re-
ported already in 2006 [50]. Physical deformation of electrodes induced by electroforming
(EF) process in TiO2-based structures is explained and supported by experimental evidences
[195][196][197][198]. Well-accepted model of EF in metal-oxide-metal systems covers the
electro-reduction of oxygen ions at the anode described by Eqs. 5.10 and 5.11 (Kröger-
Vink notation) [149]. This process is triggered by the high electric field and enhanced by
significant Joule heating [196].
O2− → 2e− + 1/2O2(g), (5.10)
O×O → V
••
O + 2e
′ + 1/2O2(g). (5.11)
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Oxygen gas created in this process is released from the system in the form of gas bubbles
[196], preferentially at the triple-phase-boundaries (TPBs) [199], what leads to the morpho-
logical change of electrodes. Oxygen anions migrate towards positively biased electrode
(anode), therefore deformation of top electrode induced by EF step depends on the polarity
of applied bias [196][200]. Closer inspection of damages induced by this process reveals
changes characteristic for melting and re-solidification processes, what points towards local,
remarkable increase of temperature (due to the Joule heating). The latter one is supported by
the results of simulations [199][201][202][203]. Morphological changes of electrodes due to
EF are accompanied by locally changed electrical properties of the RS junction [204][205]
what is related to the formation of nanofilaments and/or locally changed valence of metal
cation [199][206][207].
In contrast to the numerous reports on deformation of electrodes due to EF step, works
presenting and discussing changes of electrodes due to the resistive switching events (i.e. set
and reset processes) are scarce. In case of TiO2-based junctions, morphological and electrical
studies indicated formation of additional, conducting filaments next to the one created during
EF [204]. Interestingly, similar formation of “blisters” and pores due to oxygen gas release
was found in perovskite manganite ceramic materials used in solid-oxide-fuel-cells exposed
to the anodic polarization [208]. Segregation of dopants on the surface and gradients of
constituting elements was observed in the same materials under the cathodic polarization,
[208][209].
In present work, polarity-dependent changes of top electrodes (TEs) are observed in case
of sample A4, i.e. Au/YMnO3/Pt/Ti/SiO2/Si with YMnO3 deposited at pO2 = 0.180 mbar,
which exhibits unipolar resistive switching (see Section 5.2). Changes of TEs appear in
the step-wise manner due to the subsequent resistive switching events rather than during EF
step which is not required in case of YMnO3-based junctions. Fig. 5.21 shows the images
taken by digital camera (mounted in the probe station used for electrical characterization)
presenting the top view of TEs in as-prepared state and after electrical characterization with
the use of only negative (-V) or only positive (+V) bias. The differences in morphology of
TE due to URS induced by -V and +V are clearly visible. It can be seen that use of -V
induces homogeneously distributed changes appearing as metallic, shiny small spots (Fig.
5.21 b), whereas use of +V causes much larger, irregular damages remaining a regions with
“blown-off” gold TE (Fig. 5.21 d).
Fig. 5.21: Sample A4. (Table 5.1). Camera pictures presenting the top view of TEs in as-prepared state (a,
c) and with polarity-dependent changes (b, d) formed due to the URS of Au/YMnO3/Pt/Ti/SiO2/p-Si junctions
with YMnO3 deposited at pO2 = 0.180 mbar (sample A4). Images presented in (b) and (d) show changes of the
junctions due to URS induced solely by -V and +V, respectively.
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Fig. 5.22: Sample A4. (Table 5.1). SEM images of polarity-dependent changes of Au/YMnO3/Pt/Ti/SiO2/p-
Si junctions with YMnO3 deposited at pO2 = 0.180 mbar (sample A4) due to the URS induced by negative
(a, c) and positive (b, d) bias. Regardless of bias polarity, most of the gold electrode is delaminated from
YMnO3. Darker spots distributed over the whole area of electrodes indicate structural and/or morphological
changes within YMnO3 itself. Higher-magnification SEM images (c, d) clearly shows polarity-independent de-
lamination of gold (pointed by red arrows) and polarity-dependent damages of Au/YMnO3 layers. Numerous,
homogeneously distributed, and larger changes of Au/YMnO3 observed in case of -V (examples indicated by
blue, dashed line in (c)) resemble melted and re-solidified YMnO3. Smaller changes induced by +V (examples
indicated by green, dashed line in (d)) look like cavities in YMnO3 with melted edges. Yellow squares in (a)
and (b) indicate approximated area investigated by SEM-EDX (see Fig. 5.23).
Morphological deformation of the same TEs were investigated in more detail by SEM.
Results of the SEM investigations are presented in Fig. 5.22 a-d. SEM images reveal that
regardless of the bias polarity used for electrical characterization, most of the gold layer
(i.e. TE) is delaminated from YMnO3. In addition, the darkest, approximately circular spots
distributed over the whole electrode area indicate structural and/or morphological changes
within YMnO3 itself. Numerous and homogeneously distributed larger spots in YMnO3 are
visible in case of applied -V (Fig. 5.22 a, c). In case of the electrode where deformations
were induced by +V (Fig. 5.22 b, d), visible dark spots are smaller and exist to a lesser ex-
tent. Higher-magnification SEM images (Fig. 5.22 c, d) clearly show polarity-independent
delamination of gold TE (indicated by red arrows) and polarity-dependent damages within
Au/YMnO3 layers. Larger changes of Au/YMnO3 are observed in case of -V and they re-
semble melted and re-solidified YMnO3. Changes induced by +V are smaller and look like
cavities in YMnO3. In this case, only edges of cavities seem to be melted. Observed polarity-
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dependent changes of Au/YMnO3 induced by resistive switching point towards directional
growth of conical-shaped filaments, with smaller and larger diameter of its top and base,
respectively. Existence of conical-shaped filaments have been verified by experiment (TEM
and current-sensing AFM) [210][211] and [212] and by simulations [199][213][214].
In order to gain a further insight into observed polarity-dependent morphological changes
of gold TEs induced by resistive switching, distribution of the elements constituting YMnO3-
based stack A4 were investigated by SEM-EDX technique. In this experiment, the same
electrodes as presented in Fig. 5.21 were used, with the focus on the area covering part of
the TE and the contact point between sample and needle of probe station used for electrical
characterization. The latter is visible as the largest damage in the yellow square boxes indi-
cated in Fig. 5.22 a, b. Results of elemental mapping acquired in SEM-EDX measurements
on gold TEs changed due to resistive switching induced by -V and +V are presented in Fig.
5.23 a, b, e and c, d, f, respectively. Elemental EDX maps (Fig. 5.23 e, f) present the relative
abundance of given element, with brighter colours indicating higher concentration. The lay-
ered structure of investigated area has to be taken into account when interpreting the EDX
results; e.g. signal from Y is lower if the Au layer still exists on the top of YMnO3. The dark-
est spots in SEM images (Fig. 5.23 a, c) correspond to the cavities in Au/YMnO3/Pt layers.
In corresponding areas no signal from Au, Y, Mn and Pt is detected; enhanced Si (measured
only in case of -V) and/or Ti and/or O suggest that hollows reach Ti adhesion layer. The
strongest Si signal is observed at the point of contact between the sample and probe needle;
therefore it can be concluded that needle penetrated the Au/YMnO3/Pt/Ti stack during the
electrical characterization.
Morphological changes due to the RS induced by -V are large and in the shape of volca-
noes. It can be seen that EDX signals from Y, Mn, and Pt detected at the “slopes” of these
volcano-like features are enhanced. It can be implied that in this case, formation of cavities
in Au/YMnO3/Pt comprises local melting of oxide and electrodes and of significant local
densification and re-solidification of YMnO3. In contrary, morphological changes due to the
RS induced by +V are much smaller. According to the SEM images, edges of these cavities
are also elevated however there is no enhancement of EDX signals from Y, Mn or Pt. This
kind of damage would correspond to the scenario of evolution of oxygen gas bubble which
penetrates the Au/YMnO3 structure and is released at the ambient/junction interface.
Deformation and structural changes of Au/YMnO3/Pt/Ti stack were explored in further
detail by cross-section TEM and HAADF-STEM-EDX (HAADF-EDX) studies. CTEM and
STEM cross-sections are presented in Fig. 5.24 a, b and c, d, respectively. They cover the
area of intact and deformed part of the stack. It can be seen that in the region of damage, layer
of gold TE is indeed delaminated. In addition, structural change of YMO can be identified
by the change in the contrast/colour of oxide. As confirmed by higher-magnification images,
structure of YMO underneath the delaminated gold TE differs significantly from the intact
YMO. Furthermore, cross-section STEM images (Fig. 5.24 c, d) indicate diffusion and/or
precipitation of Au in the YMO, both intact and changed layers. In order to verify these
observations, HAADF-EDX and two dimensional fast Fourier transformation (2D FFT) were
conducted on the selected areas of investigated cross-section.
2D FFT aimed in gaining the information on the structural properties of intact and changed
YMO which are very well distinguishable in Fig. 5.25 a. According to the results of 2D FFT
(Fig. 5.25 g), area denoted as (a) and (c) in image 5.25 a correspond to the amorphous and
the crystalline phase of YMO. Amorphous phase is present in the upper part of the oxide, i.e.
close to the gold TE, whereas crystalline phase is present in the bottom part, i.e. close to the
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Pt bottom electrode. As indicated by HAADF-EDX analyses (Fig. 5.25 d, f), the intensity
of Mn signal collected from the amorphous part is slightly stronger than acquired from the
crystalline phase. This suggests that the concentration of Mn in amorphous phase is higher.
According to results of HAADF-EDX (Fig. 5.25 b), bright spots observed in STEM im-
ages (Figs. 5.24 c, d, 5.25 e) are gold particles. They are present in the vicinity of the intact
Au/YMnO3 interface (Fig. 5.24 c) and throughout the structurally changed stack (Fig. 5.25
e).
Fig. 5.23: Sample A4. (Table 5.1). Results of SEM-EDX analyses of top electrodes on YMnO3/Pt/Ti/SiO2/p-
Si junction showing morphological changes due to resistive switching induced by -V (a, b, e) and +V (c, d, f).
SEM (a, c) and EDX (b, d-f) images present the surface properties and corresponding elemental distribution of
the areas marked by green squares in (a, c). (b) and (d) show the elemental map taking into account signals
from all investigated elements (Au, Y, Mn, O, Pt, Ti, Bi (impurity), Si) whereas (e) and (f) depict distribution of
each element separately. Elemental maps (e, f) present the relative abundance of given element, with brighter
areas indicating higher concentration. The layered structure of investigated area has to be taken into account
when interpreting the EDX results; e.g. signal from Y is lower if the Au layer is still present on the top of
YMnO3. The darkest spots in SEM images (a, c) correspond to the cavities in Au/YMnO3/Pt layers. In the
corresponding areas no signal from Au, Y, Mn and Pt is detected; enhanced Si ((e), not measured in case of (f))
and/or Ti (e, f) and/or O (f) suggest that hollows reach the Ti adhesion layer or substrate in case of the contact
point with probe needle. Scale bars in (a-f) correspond to 20 µm. EDX data were acquired with acceleration
voltage of 15 kV. Sample overview is given in Table 5.1.
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Fig. 5.24: Sample A4. (Table 5.1). Cross-section CTEM (a, b) and STEM (c, d) images of morphological and
structural changes in YMnO3/Pt/Ti/SiO2/p-Si junction induced by resistive switching. Area of cross-section
covers the intact and deformed (left and central/right part of (a, c), respectively) part of the YMnO3-based
junction. Structural changes of YMnO3, indicated by dashed yellow lines, are visible underneath the delami-
nated layer of gold TE. In addition, bright spots in (c, d) suggest diffusion of gold into oxide.
Fig. 5.25: Sample A4. (Table 5.1). HAADF-EDX and 2D FFT analyses of Au/YMnO3/Pt/Ti/SiO2/p-Si junc-
tion changed due to resistive switching. Structural properties were investigated by 2D FFT analyses of the
areas indicated by yellow and blue box in image (c). It can be seen that “blurred”, homogeneously coloured
areas correspond to the amorphous phase (c, g), whereas regions with distinguishable “features” denote the
crystalline phase (c, g). Accordingly, (a) and (c) in CTEM image (a) correspond to amorphous and crystalline
phase of YMnO3. Areas 1, 2 and 3 in STEM cross-section (e) covering bright spot, amorphous and crystalline
regions, respectively, were investigated by HAADF-EDX. The results indicate that area 1 (b) corresponds to
the gold particle and that the intensity of Mn signal collected from the amorphous part (d) is slightly stronger
than acquired from the crystalline phase (f). This suggests that the concentration of Mn in amorphous phase is
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In summary, electrical characterization of Au/YMnO3/Pt/Ti junctions (sample A4) indi-
cate polarity-dependent, local morphological and structural changes within the stack induced
by the unipolar resistive switching (URS). According to the results of SEM, TEM and EDX
analyses of changes due to URS induced solely by -V and by +V, following conclusions are
drawn. Delamination and local rupture of gold TE layer proceed independently of bias po-
larity. On the contrary, the extent of morphological and structural changes within YMnO3
is strongly affected by the polarity of applied voltage. Larger (and more in amount) and
smaller (and less in amount) local deformation of Au/YMnO3/Pt/Ti structure are observed
in case of -V and +V, respectively. Observed changes comprise melting and re-solidification
of YMnO3 layer and electrodes, what leads to the irreversible structural and morphological
local changes of Au/YMnO3/Pt/Ti junction. Differences between changes induced by -V
and +V suggest the directional mass transport and growth of filaments during URS. Fur-
ther discussion concerning polarity-dependent changes within Au/YMnO3/Pt/Ti junctions is
presented in the next section.
5.8 Discussion and proposed mechanism
YMnO3-based metal-oxide-metal structures investigated in present study exhibit unipolar re-
sistive switching (URS). Based on the results of electrical and material characterization pre-
sented in Chapter 4 and Chapter 5, observed URS is classified as the thermo-chemical (TCM)
type of resistive switching [49]. Dominating phenomena leading to the resistive switching
in TCM junctions are related to the redox processes activated by temperature and/or electric
field and to the high temperature induced by current (Joule heating) [49][31].
Firstly, selected features of URS observed in YMnO3-based junctions (i.e. samples A1-A5
and B1-B4) which are important for the following discussion are summarized below:
(1) hexagonal, polycrystalline thick (200 nm - 300 nm) YMnO3 films exhibit electroforming-
free URS; nonvolatile, reversible changes of resistance proceed by formation (set pro-
cess) and rupture (reset process) of conductive, metallic-like filament(s);
(2) in case of set process, preferential negative polarity is observed;
(3) two types of top electrode (TE) and two types of bottom electrode (BE) were tested,
namely Au and Pt as TEs and Pt and Pt/Ti as BEs; results of electrical characterization
indicate no or poor URS in case of Pt TEs and/or Pt BEs;
(4) material characterization of YMnO3 films which exhibit URS indicate 3-layered compo-
sition of the films with varying, non-stoichiometric composition of each layer; the main
defects in the bulk-film layer are the interstitial oxygen atoms and metal vacancies; in
addition substantial diffusion of elements constituting bottom electrode (i.e. Ti and Pt)
into the YMnO3 films is observed; interfaces between electrodes (both TE and BE) and
YMnO3 films are nonuniform (including chemical composition and roughness);
(5) URS induces polarity-dependent morphological and structural changes which affect each
layer within the Au/YMnO3/Pt/Ti stacks; according to the results of SEM-EDX (see Fig.
5.23), cavities created by the URS reach SiO2 substrate, according to the SEM images
(see Fig. 5.22) and the cross-section TEM images (see Fig. 5.24), YMnO3 is still present
in the damaged area; the “edge” of cavity comprises partially amorphous YMnO3 layer
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with gold particles detected throughout the depth of remaining oxide and Pt/Ti BE layer
is intact;
(6) URS of YMnO3-based junctions is usually accompanied by light emission as show in
Fig. 5.26.
Secondly, the main questions concerning observed URS are formulated as follows:
(I) what is the mechanism of filament(s) formation and rupture;
(II) what is the nature of conductive filament(s), including shape, localization, composi-
tion and number (single or multi-filaments).
Fig. 5.26: Sample A4. (Table 5.1). Snapshots (a-l) of the movie recorded by the digital camera during electri-
cal characterization of Au/YMnO3/Pt/Ti/SiO2/Si junction. Electrical measurements were conducted under dark
conditions and corresponding movie was recorded without illumination. Dotted lines show estimated position
of the top electrode (d = 526 µm). Images in (a) and (l) present the electrode before and after electrical mea-
surements, respectively. Bright spots (b-k) appear subsequently at higher voltages and correspond to the points
of light emission due to electrostatic discharge. Visible spots are of different shape and size (smaller points and
larger “splashes”) and reflect size and shape of the damages of top electrode observed after measurement.
5.8.1 Electrostatic discharge
Concept of electrostatic discharge (ESD) phenomena is employed for explanation of light
emission observed during electrical measurements of the YMnO3-based junctions (e.g. sam-
ple A4 with Pt used as TEs, see Fig. 5.26). In general, observed damages induced by ESD
can be categorized as a current- and voltage-induced damages. The former involves melting
of a material due to the Joule heating whereas the latter includes dielectric rupture and charge
injection [215]. SEM images of the damages induced by URS (Fig. 5.22) indicate that both
of these phenomena occur also due to URS in YMnO3-based junctions.
ESD is a rapid discharge event during which a certain amount of charge is transferred
between two bodies at different potentials [215]. ESD is detrimental to the involved ma-
terials and can induce their permanent chemical and/or structural change [118]. In case of
integrated circuits, damage due to ESD is caused by the localized heat generation and/or
high current densities and/or high electric field developed during ESD [215]. ESD fail-
ure event in semiconductor devices comprises at least one of the following “fundamental”
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mechanisms: filamentation, charge injection, oxide rupture, thin film burn-out, contact spik-
ing [215]. More details concerning ESD phenomena can be found in literature, e.g., in Refs.
[118][215][216].
5.8.2 Filament(s) characteristics
Owing to the better understanding of resistive switching phenomena and improvement of
investigation techniques (including in-situ methods, e.g. TEM), nature of conductive fila-
ments is quite well described. Filament can be conical-, cylindrical- or dendrite-like shaped
[200], depending on the material properties of memristive material like, e.g. structure, and
on the power dissipated during the set process [200][217][218]. The latter one is mainly
influenced by the compliance current level [218][219] and it defines the “strength” of the
filament, namely its diameter. In case of the high power of set process, filament becomes
more cylindrical- than conical-shaped [200].
Formation of filament proceeds by the nucleation and the directional growth defined by
the electric field [200]. Nucleation sites have been determined as the locations at the elec-
trode/memristive material interface, usually related to the material imperfections and/or rough-
ness of interface, where preferential carrier (electrons or holes) injection occurs [200]. Typ-
ical, conical-shaped filaments found in n-type TiO2 [210] and in n-type Ta2O5 [211] grow
from the cathode (negatively charged electrode in RS cells) towards anode. Therefore, wide
base and narrow tip of the filament is placed at the cathode and anode, respectively. The
same growth direction is observed in case of dendrite-like filaments in the classical electro-
chemical metallization cells [37]. The opposite trend, i.e. growth of conical-shaped filament
from the anode towards cathode, was reported for oxide-based [220] and ZnS-based [221]
electrochemical metallization cells as well as for Au/ZnO/Au system [222]. Rupture of the
filament(s) in TCM resistive switching cells is assigned to the thermally-driven dissolution
and/or melting and/or re-oxidation of the filament at its weakest point (smallest diameter)
[200].
Results of current-sensing AFM on 20-60 nm thick TiO2 [223] and on 50 nm thick NiO
[224] switched to the low resistance state (LRS) indicate existence of many conductive fil-
aments distributed homogeneously at both, grain boundaries and within the grains. In this
case all filaments with the similar size contribute to the conduction in LRS what leads to the
electrode-area dependent resistance of junction in LRS (RLRS) [225]. On the contrary, forma-
tion and conduction by the one, main filament was confirmed experimentally in 200 nm thick
Fe-doped SrTiO3 (electrode area: 100×100 µm2) [226]. In this case, RLRS is independent of
electrode area. In general, electrode-area independent RLRS indicates the non-uniform distri-
bution of filaments and/or their sizes. Most of the models assume in such cases that current
flows through one, strong filament [225].
According to the obtained results, there are no significant differences in parameters de-
scribing URS of Au/YMnO3/Pt/Ti/SiO2/Si junctions (e.g. Vset, Iset, Vreset, etc.) induced by
-V and +V (see Section 5.2). SEM images presenting the top view of top electrodes after
URS induced by -V and +V show different sizes of the damages (see Fig. 5.22). These
observations lead to the conclusion that the set process is related to the directional growth of
the conical-shaped filament(s) from the cathode towards anode. Larger and smaller changes
of the A4 junctions can be assigned to the wide base and narrow tip of the conical filament on
the cathode and anode, respectively. Approximately the same values of parameters describ-
ing URS induced by -V and +V suggest that the mechanism of the conical-shaped filament
5.8 Discussion and proposed mechanism 123
growth under -V and +V is the same.
Severe changes within each damaged area visible on SEM images, including local amor-
phization of YMnO3 and the vertical dimension of the cavities (depth of the cavity in some
cases is the same as the thickness of YMnO3 layer) suggest that the process of filament
growth and rupture is irreversible. This conclusion is supported by the limited endurance of
Au/YMnO3/Pt/Ti/SiO2/Si junctions. Because number of damages visible on SEM images
exceeds the number of set events, formation of few filaments bridging top and bottom elec-
trodes occurs during one set event. Relations between RLRS and the diameter of TEs (dTE)
indicate clear independence of RLRS on dTE in case of samples A1 and A2 (Figs. 4.18 and
4.19) whereas for samples A3, A4, B1 and B2 (Figs. 4.34, 5.3, 4.25 and 4.26) deviations
from the straight RLRS(dTE) line and relatively large error of RLRS is observed. This indicates
that the few filaments, rather than only one, contribute to the conductivity in LRS of samples
A3, A4, B1 and B2.
According to this scenario, new filaments are formed in each set process. Taking into
account different size of damages induced by -V and +V, this implies that formation of
filaments under -V and +V proceeds by different mechanisms but is dominated by the same
factor(s), e.g. electric field and/or current-induced local increase of temperature.
5.8.3 URS phenomena induced by -V
In the high electric field required for set process (approximately 730 kV/cm for sample A4,
for comparison breakdown of BiFeO3 thin films occurs approximately at 100 kV/cm [227],
no reports on dielectric strength of YMnO3), ionized species present in the YMnO3 migrate
towards respective electrode. When negative bias is applied to the TE (cathode), negatively
charged point defects, i.e. oxygen interstitial atoms (O′′i ) and negatively charged metal va-
cancies (V′′′Y , V
′′′
Mn) migrate towards BE (anode). In the vicinity of YMnO3/BE interface,O
′′
i s
react with titanium what leads to the formation of TiO2, as suggested by the results of XRD
(not shown here). Because O′′i in the YMnO3 induces local oxidation of manganese cations,
it can be assumed that two Mn•Mn assist each O
′′
i . As soon as O
′′
i forms TiO2, two posi-
tively charged manganese cations are “released”. Holes localized at theMn•Mn move towards
TE, leavingMn×Mn close to the BE. Slightly increased concentration of Mn was detected by
HAADF-EDX in the crystalline part of YMnO3 close to the BE (see Fig. 5.25).
As indicated by the preferential negative polarity of set process and by the better URS
behaviour when Pt/Ti is used as BE, formation of filament is supported by titanium. It can
be assumed that part of Ti atoms present in the vicinity of YMnO3/BE interface is bounded
by excess oxygen (i.e. by O′′i s) in the form of TiO2. Remaining Ti is ionized due to the high
electric field and electro-migrates towards cathode (negatively biased TE). Possibly, metal
vacancies (V′′′Y , V
′′′
Mn) which are accumulated close to BE due to electric field, facilitate the
transport of titanium ions towards TE. On the other hand, oxygen ions can be constantly
created at the anode interface in the process of formation of oxygen vacancies. In this case,
Ti remains close to the BE in the form of TiO2. Formation of oxygen vacancies in YMnO3 is
balanced by creation of metal interstitials (Mn•••i , Y
•••
i ). Metal interstitial atoms can electro-
migrate towards cathode and form a tiny metallic chain bridging TE and BE, as reported
for p-type NiO [200]. In addition, sample A4, i.e. YMnO3/Pt/Ti/SiO2/Si, exhibits URS
only when Au is employed as TEs. In case of Pt TEs, ESD with light emission and hard
breakdown of the junctions is observed. These results indicate that gold also contributes
to the formation of conductive filament. Ionization of molten metals is one of the factors
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contributing to the ESD in semiconductor devices [215][228].
According to the ESD theory, power dissipation during junction filamentation induces rise
of temperature so high that it melts oxide region [215]. Dopants present in the material re-
distribute along the path of melted oxide and once the ESD event is finished, melted material
solidifies [215]. Diameter of base and tip of the conical-shaped filament reported in TiO2 in
Ref. [210] is approximately 20 nm and 2 nm, respectively. Taking into account the large size
of damages induced by URS in YMnO3, ESD-induced filamentation rather than the forma-
tion of nano-filaments or metallic chains of Ti and/or reduced Mn takes place during the set
process. Accordingly, position of the filament is related to the place of ESD, i.e. within the
areas where the electric field is enhanced. These include structural defects, sharp corners of
the TEs [215], areas where oxide is thinner, imperfections of the electrode/YMnO3 interface
(“hillocks” in case of BE, triple-phase-boundary in case of TEs), etc.
Regardless of the polarity of applied bias, reset process of Au/YMnO3/Pt/Ti/SiO2/Si junc-
tions proceeds by the rupture of conductive filaments formed in the set process. In present
case, rupture of the filament is ascribed to the current-induced melting of the whole filament.
Rapid melting and re-solidification of metallic-like filament leads to the observed large-scale
damages and involves local change in the chemical composition, densification, amorphiza-
tion, and in consequence - “collapse” of the initial YMnO3 layer observed as a cavities
in the SEM images (see Fig. 5.22). As discussed above, process of formation and rup-
ture of conductive filaments leads to the irreversible chemical and structural changes within
Au/YMnO3/Pt/Ti/SiO2/Si junctions.
Preferential negative polarity of set process denotes that the growth of filament is favoured
when positively (or negatively) charged defects migrate towards TE (or BE). This supports
the claim that Ti contributes to the formation of filaments during set process.
5.8.4 URS phenomena induced by +V
When positive bias is applied to the TE, ionized species in the YMnO3 layer electro-migrate
in the analogues way as described in previous section for -V. Negatively charged O′′i s, V
′′′
Ys,
V′′′Mns and assisting them Mn
•
Mn migrate towards positively biased TE (anode). In this case,
due to the absence of titanium in upper part of YMnO3, interstitial oxygen atoms are oxidised
at the TE/YMnO3 interface according to reaction described by Eq. 5.12. Oxygen gas which
is formed in this process is released from the system in the form of gas bubbles [196], pref-
erentially at the triple-phase-boundaries (TPBs) [199], what leads to the morphological de-
formations of electrode, as reported for other memristive systems [50][195][196][197][198].
O′′i → 2e
′ + 1/2O2(g), (5.12)
When all of O′′i s are removed from the system, further formation of oxygen gas is accom-
panied by formation of metal interstitials (Mn•••i , Y
•••
i ) which can be next reduced at the
cathode and precipitate into metallic nano-filament. Similar to the URS induced by -V, due
to the large size of damages induced by the set process, this scenario is not likely to occur. In
case of positive bias applied to TE, ionized atoms of molten gold can electro-migrate towards
negatively biased BE (cathode). Electro-migration of ionized molten chrome and nickel is
reported as a direct cause of fusing of nichrome thin films [228].
SEM images presenting the top view of the Au/YMnO3/Pt/Ti/SiO2/Si junction after the
series of URS events induced by +V is presented in Fig. 5.22 b, d. It can be seen that
the damages within YMnO3/Pt/Ti layers are smaller than in case of damages induced by -V
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(Fig. 5.22 a, c). Approximately the same voltage required for set process induced by both,
-V and +V suggest that high electric field (approximately 730 kV/cm) is the main factor
inducing formation of conductive filaments in the course of ESD event. Changes in the size
of deformations indicate that the extension of ESD depends on the polarity of applied bias.
Asymmetry of Au/YMnO3/Pt/Ti system, including gradients in chemical composition within
YMnO3 and different metals of electrodes, enhances the effect of bias polarity. Process
of filamentation due to ESD induced by +V involves evolution of oxygen gas and electro-
migration of ionized gold. Taking into account size of damages induced during this event, it
can be concluded that the local change in chemical composition and melting affects smaller
region of the YMnO3.
5.9 Summary
Chapter 5 presents and discusses results of the studies concerning unipolar resistive switch-
ing (URS) and material characterization of four different YMnO3-based metal-insulator-
metal junctions (see Tab. 5.1). The main aim of these investigations was to establish the
link between certain material properties of as-grown YMnO3, e.g. ferroelectricity and/or
chemical composition, and observed URS behaviour. Determination of such links enables
explanation of physical phenomena constituting URS and formulation of the mechanism(s)
governing the URS in YMnO3-based junctions.
Material properties, including structure, composition and ferroelectricity, of as-grown
YMnO3 films were determined by SEM, AFM, XRD, PFM, AES, RBS and VEPAS. Electri-
cal characterization of the samples A4, A5, B3 and B4 indicated that only sample A4 with Au
top electrodes (TE), i.e. Au/YMnO3/Pt/Ti/SiO2/Si junctions, exhibits URS. Detailed electri-
cal characterization of this sample focused on the polarity-dependent measurements which
were coupled with tracking of the subsequent changes of the junction induced by the URS.
Polarity-dependent damages of the junctions were investigated in detail by SEM, SEM-EDX,
TEM and HAADF-EDX.
According to the obtained results, it can be concluded that URS observed in Au/YMnO3/Pt/
Ti/SiO2/Si junctions comprises formation of conductive filaments (set process) followed by
their irreversible rupture during reset process. Local chemical and structural changes induced
by set and reset process are detrimental to the junction. As discussed in Section 5.7, release
of oxygen gas and related deformation of TEs is characteristic for electroforming step, and
not for the subsequent set processes. In case of Au/YMnO3/Pt/Ti/SiO2/Si junctions, morpho-
logical changes affecting the whole stack are observed after each consecutive set process. It
can be concluded that new filaments are formed in each set process. Accordingly, low en-
durance (write cyclability) of the Au/YMnO3/Pt/Ti/SiO2/Si junctions is related to the limited
size of the junctions (defined by the area of the TE).
In the high electric field required for set process, ionized species present in YMnO3
electro-migrate towards respective electrode. According to the results of material charac-
terization, mainly negatively charged oxygen interstitial atoms, negatively charged metal
vacancies and titanium as a dopant are present in as-grown YMnO3 films. Field-enhanced
redistribution of point defects and associated redox processes induce local change in com-
position. Formation of conductive filaments proceeds in the electrostatic discharge (ESD)
event which is triggered by high electric field. Increase of the temperature which is released
during ESD induces local melting of the junction. Liquid phase, including melted gold, ease
the mass transport of ionized species. Upon rapid decrease of temperature (end of ESD
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event), melted filament re-solidifies and form conductive path bridging top and bottom elec-
trodes. Due to the high current during reset process temperature rises again and induces
melting and dissolution of filament. This process entails chemical and structural changes
of the Au/YMnO3/Pt/Ti. Locally induced, severe morphological changes suggest that the
rupture of the filament is an irreversible process.
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6 Functionality extension:
photocapacitance of YMnO3-based
diodes
One of the biggest advantages of memristive systems is the versatility of prospective appli-
cations. Additional functionalities of such systems make the span of possible applications
even broader, ultimately leading to the development of multifunctional devices.
This chapter presents the results of investigation on photocapacitive properties of metal-
YMnO3-insulator-semiconductor (MFIS) structures. Photocapacitance along with ferroelec-
tric and trapping phenomena in Al/YMnO3/SiNx/p-Si junctions are utilized in the develop-
ment of light sensor. Operational principle of proposed Al/YMnO3/SiNx/p-Si photodetector
relies on nonvolatile change of capacitance which reflects the intensity and the wavelength
of impinging light. Photodetecting properties shown for Al/YMnO3/SiNx/p-Si structures can
be further developed and implemented into YMnO3-based memristive systems such as mem-
ristors and memcapacitors, extending their functionality.
6.1 Sample overview (3)
In this chapter, properties of two structures are compared. The first one, Al/YMnO3/SiNx/p-
Si is referred to as MFIS (metal-ferroelectric-insulator-semiconductor) sample. The second
structure, Al/SiNx/p-Si referred to as MIS (metal-insulator-semiconductor) is a reference
sample to MFIS.
Fabrication of MFIS consisted of deposition of 513 nm YMnO3 by PLD (number of
pulses: 16500) on SiNx/p-Si substrates at TS = 800°C and pO2 = 0.18 mbar (see Appendix
B). Substrates are provided by CiS Forschungsinstitut für Mikrosensorik Gmbh. Time used
for heating up the substrate, deposition of YMnO3, and cooling down the MFIS during PLD,
equal to 172 minutes in total. The reference MIS sample was prepared by exposing SiNx/p-
Si substrates to the same thermal treatment as during deposition of YMnO3. In both cases,
Al top and Au back electrodes were deposited by DC magnetron sputtering at room temper-
ature. Schematic pictures of MFIS and MIS structures are presented in the insets in Fig. 6.1
a and b, respectively.
Results of XRD characterization of MFIS and MIS samples are presented in Fig. 6.1 a and
b, respectively. It can be seen that in both cases XRD pattern indicate only XRD reflections
of single crystalline Si substrate and of Al (ICCD, PDF: 96-431-3211) top electrodes (TEs).
In addition, reflection assigned to Ag (ICCD, PDF: 96-431-3207) (Fig. 6.1 a) originates
from the sample holder used during XRD measurement. Results of XRD of both samples
indicate that they consist of amorphous YMnO3 and/or SiNx layers. However, in case of
MFIS, the broad “hump” in XRD pattern around 2θ = 28° - 34° is observed. At this position
XRD reflections assigned to the hexagonal YMnO3 are expected. Observed “hump” suggests
presence of YMnO3 nanocrystals and/or ordered regions embedded in an amorphous matrix.
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Fig. 6.1: Results of XRD (a, b) and SEM (c, d) characterization of Al/YMnO3/SiNx/p-Si (MFIS, a, c) and
Al/SiNx/p-Si (MIS, b, d) samples. Observed XRD reflections are assigned to Al top electrodes, single crys-
talline Si substrate, and to Ag originating from the glass sample holder used during XRD measurement. Red
circle in (a) point the “hump” in the XRD pattern of MFIS which suggests presence of YMnO3 nanocrystals
embedded in an amorphous matrix. Schematic pictures of MFIS and MIS structures are presented in insets in
(a) and (b), respectively.
Diameter of such features is less than 5 nm what corresponds to 8-9 unit cells of YMnO3
in a or b direction. Based on the acquired XRD data it can be concluded that YMnO3 films
deposited on SiNx are amorphous-like, i.e. consist of nanocrystals and/or ordered regions
embedded in an amorphous matrix.
Results of SEM investigation presented in Fig. 6.1 c and d confirm the amorphous-like and
amorphous structures of YMnO3 and SiNx layers in MFIS and MIS samples, respectively.
Ferroelectric properties of MFIS and MIS samples were investigated by PFM. Results
of PFM measurements conducted on MFIS and MIS sample in as-prepared state and after
poling with -9.5 V and +9.5 V are presented in Fig. 6.2 (MFIS) and Fig. 6.3 (MIS). It can be
seen that MIS sample does not exhibit ferroelectricity, as expected for amorphous SiNx film.
In case of MFIS structure, dark, straight and zig-zag line between poled areas is observed
in the amplitude image (Fig. 6.2 e) and in the phase image (Fig. 6.2 f), respectively. That
points toward weak ferroelectric properties of amorphous-like YMnO3 layer. Ferroelectric-
like properties are reported for amorphous-like Pb(ZrxTi1-x)O3 and quasi-amorphous BaTiO3
[229][230]. Experimental findings are explained by theoretical ferron model which concerns
ferroelectric nanocrystals embedded in an amorphous matrix [230].
Based on the results of XRD and PFM characterization, it is concluded that YMnO3 layer
in MFIS sample is of amorphous-like nature and exhibits ferroelectric-like properties.
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Fig. 6.2: AFM (a, d) and PFM (b-c, e-f) images of Al/amorphous-like YMnO3/SiNx/p-Si (MFIS) sample
recorded simultaneously on as-prepared structure (a-c) and after poling with -9.5 V and +9.5 V (d-f). During
AFM and PFM measurements tip and BE were grounded and biased, respectively. Scale -10 V to 10 V in (c, f)
corresponds to PFM phase shift for 180°
Fig. 6.3: AFM (a, d) and PFM (b-c, e-f) images of pristine (before heat treatment) Al/SiNx/p-Si (MIS) sample
recorded simultaneously on as-prepared structure (a-c) and after poling with -9.5 V and +9.5 V (d-f). During
AFM and PFM measurements tip and BE were grounded and biased, respectively. Scale -10 V to 10 V in (c, f)
corresponds to PFM phase shift for 180°
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6.2 Capacitance-voltage characteristics
Capacitance-voltage (CV) characteristics of MFIS and MIS structures acquired under dark
conditions and in the monochromatic light of varying wavelength are presented in Fig. 6.4.
CV measurements were conducted by voltage sweep (test frequency f = 10 kHz) from the
accumulation to depletion region, i.e. from -20 V to +10 V (arrow 1), and backwards (ar-
row 2). Obtained CV hystereses follow the counter-clockwise direction with the capacitance
minima denoted as m1 and m2. Counter-clockwise direction of CV hysteresis indicate the
charge injection and trapping phenomena which in case of MFIS dominates the ferroelec-
tric switching. In the theory of metal-oxide-semiconductor structures, four different kinds of
oxide charges acting as trap sites can be distinguished: fixed-, trapped-, mobile ionic-, and in-
terface trap charges [120]. In semiconductor technology these oxide charges are regarded as
material defects which significantly contribute to device failure. In this study, oxide charges
are utilized as a functional nanofeatures in light detection, as explained further in the text.
Fig. 6.4: CV characteristics of Al/YMnO3/SiNx/p-Si (MFIS) and Al/SiNx/p-Si (MIS, b) samples in dark con-
ditions and under monochromatic illumination. Following light was used: blue (455 nm), green (498 nm), red
(728 nm), and near infra-red (766 nm). Intensity of impinging light was constant (140 µW/cm2). Adapted from
Ref. [154].
According to the results of CV characterization, shift of flat band voltage towards more
negative voltages is similar for MFIS and MIS structures. That indicates that oxide charges
are positive and that they are mostly located within SiNx (otherwise difference between CV
hysteresis of MFIS and of MIS would be more pronounced). SiNx is a commonly used
dielectric material in semiconducting industry, e.g. as a trapping layer in charge trap memory
devices.
CV curves acquired under monochromatic illumination are shifted towards higher values
of capacitance when compared to the results measured in dark conditions, as presented in
Fig. 6.4. This phenomenon is known as photocapacitance and is induced mainly by decrease
of depletion width in semiconductor due to the optical excitation [231][232]. Photocapac-
itance is related to inter-band photo generation of charge carrier and to photo-excitation of
excess charge carriers trapped at the oxide charges such as interface states and charge traps
[232][233][234].
6.3 Photodetector based on metal-YMnO3-insulator-semiconductor structures 131
Fig. 6.5: Working principle of Al/YMnO3/SiNx/p-Si photodetector (b) and results of retention tests of m1 (a)
and m2 (c) obtained for MFIS and MIS structures. Proposed photodetector is set up into mode I or mode II
by application of writing bias WB1 or WB2, respectively. Minima in CV curve (m1 and m2) defined by CV
sweep in the dark conditions serve as the reference points. In order to identify the intensity and wavelength of
impinging light, position of the capacitance minimum is measured. Shift in voltage (∆V) and in capacitance
(∆C) of the minimum indicates the wavelength and intensity of light, respectively. Adapted from Ref. [154].
6.3 Photodetector based on
metal-YMnO3-insulator-semiconductor structures
Working principle of proposed Al/YMnO3/SiNx/p-Si/Au photodetector is presented in Fig.
6.5 b. Application of writing bias WB1 or WB2 sets up the photodetector in the operational
mode I or operational mode II. Minima in CV curve (m1 and m2) defined by CV sweep
under dark conditions serve as the reference points. In order to identify the intensity and
wavelength of impinging light, position of the capacitance minimum is measured. Shift in
voltage (∆V) and in capacitance (∆C) of the minimum indicates the wavelength and inten-
sity of light, respectively. Performance of proposed photodetector relies on the nonvolatile
change of capacitance due to impinging light. Similar to nonvolatile resistive switches, state
of the photodetector is programmed by WB and next, value of capacitance is read-out by
application of reading bias corresponding to the expected capacitance minimum. In order
to verify the nonvolatility of investigated Al/YMnO3/SiNx/p-Si/Au structures, retention tests
were carried out in the analogues way as in case of memristors. Tests were conducted for
MFIS and MIS structures, for both capacitance minima (m1 and m2) and for different con-
ditions of illumination, namely in darkness, green (λ= 498 nm, 134 µW/cm2), red (λ= 724
nm, 96 µW/cm2), and near infra-red (λ= 766 nm, 75 µW/cm2) light. Wavelengths and in-
tensity of tested light correspond to the standard G173-03 of American Society for Testing
Materials (ASTM G173-03). This standard reflects the solar spectral irradiance at direct and
circumsolar, i.e. within +/-2.5° field of view, on Earth surface at air mass 1.5 [235].
Results of retention tests of photocapacitance obtained for capacitance minima m1 and m2
are presented in Fig. 6.5 a and c, respectively. It can be see that they are pseudo-nonvolatile,
i.e. value of capacitance is changing over measured time (180 min). In order to quantify
retention properties of m1 and m2, C(t) curves are modelled with Equation 6.1
C(t) = a[1− exp(−t/τ) + b], (6.1)
where a and b are the specific function parameters, t and τ correspond to time and time
constant, respectively. In case of the discussed retention properties, higher τ points towards
better nonvolatility, i.e. slower increase of capacitance. Summary of τ in [min] calculated
for C(t) curves of MFIS and MIS shown in Fig. 6.5 a and c is presented in Table 6.1.
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τ [min] τ [min] τ [min] τ [min]
Sample Capacitance minimum dark 498 nm 724 nm 766 nm
MFIS m1 16 16 18 17
MIS m1 23 57 32 72
MFIS m2 52 30 23 26
MIS m2 107 15 27 30
Tab. 6.1: Time constant τ in [min], calculated according to Equation 6.1 for the retention characteristics C(t)
of MFIS and MIS samples, for the capacitance minimum m1 and m2.
C(t) characteristics presented in Fig. 6.5 can be interpreted in terms of light recognition
and nonvolatility. It can be seen that in case of m1, C(t) curves acquired in different light
conditions are imposed on each other and the value of C increases rapidly. In other words,
there is no light recognition and the state is pseudo-nonvolatile. Therefore, in tested condi-
tions, m1 of MFIS and of MIS can not serve as a good reference point. In case of MFIS, m2
is a good reference point for identification of impinging wavelength. C(t) curves acquired in
dark conditions and under illumination with λ= 498 nm, and with λ= 724/766 nm are well
distinguishable. Corresponding values of τ are higher than in case of m1 but the photocapac-
itance states can not be classified as nonvolatile. In case of MIS, C(t) curves obtained under
illumination are overlapping and it is possible to distinguish only between dark conditions
and illumination.
The novel concept of photodetecting applications of metal-ferroelectric-insulator- semi-
conductor structures is based on combined effect of photocapacitance, ferroelectricity, redis-
tribution of oxide charges within insulating layer, and charge injection and trapping. Align-
ment of the ferroelectric polarization with accordance to the applied WB induces the redistri-
bution of mobile oxide charges within the insulating layer. These oxide charges act as a trap
sites for injected charge carriers. In the presented example of Al/YMnO3/SiNx/p-Si structure,
positive oxide charges are located in the SiNx layer. Electrons are injected from the p-Si to
SiNx during sweep from +10 V to -20 V. Photocapacitance phenomena, as discussed above,
is related also to the photo-excitation of excess charge carriers trapped at the oxide charges.
Therefore, concentration of both, oxide charges in insulating layer and amount of injected
carriers is contributing to the working of proposed photodetector. Optical properties, namely
the refractive index n and extinction coefficient k of each layer constituting the MFIS-based
photodetector defines its operational parameters, e.g. detectable light.
In order to gain a better insight of the photocapacitive phenomena of Al/YMnO3/SiNx/p-
Si structure, variable angle spectral ellipsometry (VASE) has been conducted on MFIS and
MIS samples (without top electrodes). Acquired data were modelled and obtained results
are presented in Fig. 6.6. According to the modelled VASE data, band gaps of YMnO3,
SiNx in MFIS, and SiNx in MIS are 0.97 ± 0.12 eV, 2.45 eV, and 2.54 eV. Based on the
modelled absorption coefficient and calulated penetration depth, it is concluded that YMnO3
absorbs the light of λ < approximately 573 nm, whereas SiNx is transparent for λ > 573 nm.
Therefore, impinging light with λ > 573 nm is absorbed by p-Si and interacts with trapped
carriers within SiNx. In case of MIS, 147 nm SiNx is penetrated by light in the tested range
(i.e. 310 nm < λ < 1000 nm).
Based on the obtained results of CV, C(t) and VASE, potodetecting and retention proper-
ties of MIS and MFIS structure are understood as follows. In case of MIS sample, m1 and
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Fig. 6.6: Optical properties of YMnO3 layer in MFIS sample and of SiNx layer in MIS sample. Optical
constants: refractive index n and extinction coefficient k, and absorption coefficient αcoeff. are the results of
modelling of VASE data. Penetration depth is calculated as the reciprocal of αcoeff..
m2 under dark conditions exhibit volatile and nonvolatile properties, respectively. Good sta-
bility of m2 is due to the trapping of the injected electrons from p-Si by the oxide charges in
SiNx layer. Because SiNx is transparent for whole range of tested light, trapped electrons are
excited regardless of used λ. Therefore, no light recognition is observed and MIS structure
is not suitable for photodetecting of visible light.
In case of MFIS structure, light with λ < 573 nm is absorbed by YMnO3. Therefore,
depletion width in p-Si and electrons trapped by the oxide charges in SiNx are affected in
this light regime. However, it can be seen in Fig. 6.4 a that the capacitance of the MFIS
sample increases also for light with λ < 573 nm. According to modelled VASE data, the
electron-hole pairs in YMnO3 layer are generated by photons with energy > 0.97 eV. Results
of CV characterization under illumination indicate that generated electrons tunnel into SiNx
layer and are trapped by positive oxide charges. This induces the capacitance change of the
MFIS photodetector. Similar to the case of MIS sample, m2 shows better stability than m1
what indicates the importance of charge injection and trapping charges by the SiNx layer.
Light with λ > 573 nm impinging the MFIS structure generate the electron-hole pairs in
YMnO3, penetrates the SiNx with excitation of the trapped electrons there, and is absorbed
by p-Si what cause the change in depletion width. In this case, however, YMnO3 layer is a
source of electrons which can tunnel into SiNx and replace the excited electrons. As a result,
retention characteristics of MFIS sample are better when compared to MIS structure.
In summary, the idea and operating principle of Al/ferroelectric-like YMnO3/SiNx p-Si/Au
photodetector inspired by working principle of nonvolatile resistive switch is proposed and
supported by results of CV characterization and of retention tests. Presented concept of
photodetecting by metal-ferroelectric-insulator-semiconductor stack is a novel application
of such structures [236][154]. In tested MFIS structure, YMnO3 acts as a layer stabilizing
the distribution of oxide charges located in insulating layer and as a source of additional
charge carriers. Presented photodetecting properties of YMnO3 layers can be utilized in
the memristive devices as an additional functionality. In this study, optical properties of
YMnO3 are exploited for light detection. Numerous reports on light-related properties and
applications of hexagonal and orthorhombic manganites, e.g. [167][237], suggest that these
materials are promising candidates for development of multifunctional memristive devices.
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Summary
Studies conducted within the framework of this doctoral dissertation investigate the resistive
switching (RS) behaviour of YMnO3-based junctions. The main aim of research is to verify
the hypothesis concerning the new concept of RS mechanism based on the charged topolog-
ical defects in hexagonal YMnO3 thin films. YMnO3 has not been intensively studied as a
potential candidate for memristive material. YMnO3 represents the group of hexagonal rare
earth manganites which offer unique material properties related to the arrangement of the fer-
roelectric domain walls. Presence of topological defects: charged domain walls and vortex
cores in single crystalline rare earth manganites has been experimentally proven and sup-
ported by the theory and by the first-principles calculations. In this work, it is hypothesised
that the charged domain walls and vortex cores can act as effective nanoscale features which
support formation of the conductive filaments. This, in consequence, enables development
of an electroforming-free resistive switching device.
YMnO3 thin films were grown by pulsed laser deposition on the metal-coated substrates
(Pt/Ti/SiO2/Si and Pt/Al2O3) and on the highly doped oxide substrate (Nb-doped SrTiO3).
Characterization of transport and resistive switching properties was conducted in 2-point
probe DC measurements with gold and platinum top electrodes.
Conclusions drawn from the obtained results are summarized below in the form of the
answers to the questions formulated in the Introduction.
• Does hexagonal YMnO3 exhibit resistive switching?
Results of electrical characterization presented in Chapter 4 and in Chapter 5 indi-
cate that YMnO3-based junctions exhibit unipolar (URS) and bipolar (BRS) resistive
switching. Electroforming-free URS is observed in case of Au/YMnO3/metal/substrate
stacks with polycrystalline, hexagonal YMnO3 films. BRS is revealed by Au/YMnO3/
Nb:SrTiO3 junctions where YMnO3 films are of orthorhombic phase with the nanocrys-
talline structure.
• What is the mechanism of resistive switching revealed by hexagonal YMnO3-based
memristors?
Hexagonal YMnO3 films sandwiched between top and bottom metal electrodes ex-
hibit electroforming-free URS. Based on the results of electrical characterization pre-
sented in Chapter 4, observed URS is classified as the thermo-chemical (TCM) resistive
switching phenomena related to the locally increased temperature and redox reactions.
URS in YMnO3-based junctions is assigned to the formation (set process) and the rup-
ture (reset process) of conductive, metallic-like filaments. The main properties of the
observed URS include very good retention of programmed states (i.e. HRS, LRS),
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large memory window (between 103 and 105), high voltage and current required for set
(Vset) and reset (Ireset), respectively and low endurance (write cyclability).
Elucidation of mechanism of URS in YMnO3-based junctions presented in Chapter 5 is
divided into two parts. The first part covers characterization of as-grown films, includ-
ing structural, microstructural, and ferroelectric properties as well as determination of
chemical composition and evaluation of point defects. In the second part, polarity-
dependent structural and morphological deformations of the Au/YMnO3/Pt/Ti/SiO2/Si
junctions are investigated.
Based on the obtained results, it is concluded that URS observed in YMnO3-based
metal-insulator-metal junctions proceeds by the formation of conductive filaments (set
process) in the course of electrostatic discharge (ESD) event which is followed by
their irreversible rupture during the reset process. Due to the high current during reset
process, temperature rises significantly and induces melting and dissolution of the fil-
ament. Local chemical and structural changes induced by set and reset processes are
detrimental to the junction what, in consequence, leads to the low endurance of the
junctions.
• Is observed resistive switching phenomena related to the presence of charged and/or
neutral domain walls and/or vortex cores in YMnO3?
Results of Piezoresponse Force Microscopy (PFM) conducted on YMnO3 thin films
does not reveal clover-leaf pattern of domain walls, characteristic for single-crystalline
hexagonal manganites. Obtained PFM results, presented in Section 5.4, stand in agree-
ment with published report concerning PFM investigations of YMnO3 thin films [175].
According to the results of ferroelectric characterization and local PFMmeasurements,
resistively switching samples do not exhibit ferroelectric properties and there is no ex-
perimental evidence for the presence of charged and/or neutral domain walls and/or
vortex cores in investigated YMnO3 thin films. Therefore, it is concluded that ob-
served URS and BRS in YMnO3-based structures are not related to the presence of
charged and/or neutral topological defects.
• How to material-engineer YMnO3 thin films in order to enhance resistive switching?
How to design YMnO3-based junctions in order to comply with the requirements of
CMOS technology?
Results of electrical and material characterization of YMnO3-based junctions which
exhibit unipolar resistive switching phenomena indicate that in the present form they
do not fulfil the requirements of chemical and mechanical stability needed for oxide-
based electrical junctions. In present study, macroscopically observed URS, which
from definition is a result of reversible phenomena, comprises series of irreversible
processes which lead to the failure of the whole junction.
Results presented in this work provide an explanation of URS in YMnO3-based junc-
tions and contribute to the understanding of the failure mechanism of these URS cells.
Suggestions concerning material-engineering and junction design which can lead to
the improvement of URS phenomena in YMnO3-based junctions are presented below
in Section “Outlook for future work”.
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Electrical characterization of Au/YMnO3/Nb:SrTiO3 junctions indicate bipolar resis-
tive switching (BRS) behaviour preceded by the electroforming step (see Chapter 4.4).
BRS phenomena is attributed to the complementary electronic and ionic processes
within the pn-heterojunction formed at the p-YMnO3/n-Nb:SrTiO3 interface. YMnO3
thin film deposited on Nb:SrTiO3 crystallizes in orthorhombic crystallographic struc-
ture characterized by very low Curie temperature TC= 40 K [155]. Contribution of
the charged topological defects (specific for ferroelectric phase) into the BRS observed
at room temperature is discarded as the plausible mechanism. Therefore, observed
BRS was not investigated in a great detail. Obtained results indicate that BRS in p-
YMnO3/n-Nb:SrTiO3 junctions involves much lower operating voltages and currents
(including electroforming, set and reset processes). Although electroforming step in-
duces changes of the top electrodes, mechanisms which govern BRS are different than
the ones assigned to the URS. Based on the gained results, it is concluded that BRS in
p-YMnO3/n-Nb:SrTiO3 junctions is a promising phenomenon.
Outlook for future work
Research presented in this work can be continued in the two directions, namely studies on
YMnO3-based memristors and on material engineering of YMnO3 thin films.
Research on resistive switching should consider optimization and further development of
bipolar resistive switching phenomena of the pn-heterojunctions where “p” is a hexagonal
rare earth manganite (e.g. YMnO3) or other multiferroic. Diversity of physical phenom-
ena observed in these materials creates an opportunity of designing new concepts and/or
functionalities of memristive devices. Employment of light might serve as an example
[167][238][239][240]. Concept of novel photodetector based on metal-YMnO3-insulator-
semiconductor structure which has awarded a German patent [154][236] is presented in
Chapter 6. In addition, hexagonal rare earth manganites are regarded as promising mate-
rials for photovoltaics and light polarizers [237].
Unipolar resistive switching behaviour of YMnO3 sandwiched between metal electrodes
can be further investigated in the conjunction with material engineering of the thin YMnO3
films.
Firstly, URS in YMnO3-based structures without damage of the junction has to be achieved.
Preliminary results indicate that decrease of thickness of YMnO3 results in decrease of op-
erating URS voltage [241]. In addition, in the course of present work, two-step method
for preparation of YMnO3 on metal-coated substrates has been developed [242]. It com-
prises deposition of amorphous YMnO3 film and its subsequent crystallization by flash lamp
annealing. Results indicate improved quality of YMnO3/bottom electrode interface and en-
hanced URS performance of stacks prepared with this method.
Secondly, issues of mechanically and chemically stable top electrodes and of optimized
chemical composition of YMnO3 should be solved.
Material engineering of YMnO3 thin films should focus on the possibility of growth of
single-crystalline layers. Existence/absence of charged domain walls and vortex cores in
thin films should be verified and understood. Next, tailoring of the desired material prop-
erties related to the existence/absence of topological defects in YMnO3 thin films can be
investigated.
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8 Appendix
8.1 Appendix A: Sample overview
Table 8.1 presented on the next page summarizes the samples investigated in this work. All
samples were prepared by pulsed laser deposition (PLD) of YMnO3 thin films on the selected
substrate. Details concerning PLD can be found in Section 3.2, Chapter 3.
Specific PLD parameters, such as substrate temperature, oxygen partial pressure, and sub-
strate material, which were varied during growth of the samples are given in Table 8.1. Apart
of the specific PLD growth parameters, techniques used for the characterization of material
properties of as-grown YMnO3 are given. Numbers given in Table 8.1 refer to the Figure
numbers in the text of dissertation with corresponding results, “-” and “n.a.” denotes that the
results are not included in the text and that the given measurement has not been conducted,
respectively. In Table 8.1, the following notation is used:
PTS 200 nm Pt/50 nm Ti/500 nm SiO2/p-Si, substrate used for PLD
PA 100 nm Pt/(0001)-oriented Al2O3, substrate used for PLD
NbSTO (001)-oriented SrTiO3 doped with 0.5 wt.% of Nb, substrate used for PLD
TS substrate temperature during PLD, in [°C]
pO2 oxygen partial pressure during PLD, in [mbar]
dYMO thickness of the YMnO3, in [nm]
XRD X-ray diffractometry
SEM Scanning Electron Microscopy
AFM Atomic Force Microscopy
CTEM Conventional Transmission Electron Microscopy
STEM Scanning Transmission Electron Microscopy
AES Auger Electron Spectroscopy
RBS Rutherford Backscattering Spectrometry
PFM Piezoresponse Force Microscopy
VEPAS Variable Energy Positron Annihilation Spectroscopy
Mn chemical shifts of Auger Mn peak position
VASE Variable Angle Spectral Ellipsometry
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8.2 Appendix B: Point defects in binary oxides
Each material, whether amorphous or crystalline, contains defects. Defects of crystalline
materials can be divided into 0-dimensional (point), 1-dimensional (line, e.g. dislocation),
and 2-dimensional (surface, e.g. crystal boundary) defects [51][243][244]. Point defects can
be regarded as the deviations from perfect atomic arrangement and/or stoichiometry and are
in the form of:
• structural defects: vacancies, i.e. missing lattice ions,
• structural defects: interstitials, i.e. interstitial ions or substitutional ions, including
impurities,
• electronic defects: electrons and/or holes.
Point defects can be neutral (usually in metals) or charged (usually in ionic oxides). Charged
point defects are the defects which due to ionization gain a positive or negative effective
charge, i.e. charge relative to the perfect crystal. Position and charge of point defect in the
metal oxide MO is described by the Kröger-Vink notation [177] as summarized in Table 8.2.
Point defect Kröger-Vink notation
Oxygen (anion) vacancy VO
Metal (cation) vacancy VM
Oxygen (anion) interstitial Oi
Metal (cation) interstitial Mi
Vacant interstitial site Vi
Foreign cation Mf
Foreign cation on regular metal site Mfm
Foreign cation on interstitial site Mfi
Host cation or anion with zero effective charge MxM or O
x
O
Neutral cation and anion vacancies VxM or V
x
O
Positively charged oxygen vacancy V•O or V
••
O
Negatively charged metal vacancy V′M or V
′′
M
Charged metal or oxygen interstitial M••i and O
′′
i
Electrons and holes e′ or h•
Tab. 8.2: Type of point defects in crystalline metal oxide MO with corresponding Kröger-Vink notation.
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Stoichiometric oxides: intrinsic disorder
Defects in solids can exist in pairs of associated defects [243], e.g. in the binary compound
MX:
• Schottky: VM + VX,
• Frenkel: Xi + VX,
• Anti-Frenkel: Xi + VX,
• Anti-Structure: XM + MX,
• Vacancy–Anti-Structure: VM + MX,
• Interstitial atoms: Mi + Xi,
• Anti-Structure interstitial: MX + Xi,
• Anti-Structure interstitial: XM + Mi,
• Anti-Structure vacancy: XM + VX,
Schottky disorder in binary metal oxide MO
Schottky disorder comprises equivalent amount of cation and anion vacancies. It is favoured
when cations and anions are of comparable sizes. The defect reaction assuming the full
ionization of defects is written as:
0 = V ′′M + V
••
O . (8.1)
Frenkel disorder in binary metal oxide MO
This defect is favoured when cations are appreciably smaller than anions. Corresponding
defect reaction is written as Eq. 8.2. Reaction of formation of anti-Frenkel defect where the
disorder is due to the anion is presented by Eq. 8.3.
0 = V ′′M +M
••
i . (8.2)
0 = V ••O +O
′′
i . (8.3)
Intrinsic ionization
Thermal excitation of an electron from the valence to the conduction band with creation of
hole in the valence band is depicted by:
0 = e′ + h•. (8.4)
Electronic defects can be localised, i.e. trapped, at the regular sites in the crystal structure.
Such a localised electronic defect is called polaron, or, from the chemical point of view, the
valence defect [244].
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Non-stoichiometric oxides
Formation of point defect can be described by the corresponding reaction and equilibrium
constant. Rules used for defining the reaction of defect formation include mass balance,
electro-neutrality, and constant ratio of regular cation and anion sites. In case of ionization
of dominating defect, complementary electronic defects are formed so that the electrical
neutrality of crystal is conserved [244]. Non-stoichiometry in oxides can be categorized
into two groups: oxygen deficiency (or excess of metal) and metal deficiency (or excess of
oxygen).
Oxygen deficiency in binary metal oxide MO2-x
The overall reaction for formation of oxygen-deficient oxide MO2-x is given by Eq. 8.5,
where x is the extent of non-stoichiometry. The dominating point defect in oxygen-deficient
oxide is oxygen vacancy. Formation of oxygen vacancy, its full ionization and the total
reaction are represented by Eqs. 8.6, 8.7 and 8.8, respectively.
MO2(s) =MO2−x(s) + x/2O2(g), (8.5)
O×O = V
×
O + 1/2O2(g), (8.6)
V ×O = V
••
O + 2e
′, (8.7)
O×O = V
••
O + 2e
′ + 1/2O2(g). (8.8)
If the electrons created due to ionization of oxygen vacancy are localised at the metal cation
on a normal lattice site, Eq. 8.8 can be written as follows:
O×O + 2M
×
M = V
••
O + 2M
′
M + 1/2O2(g). (8.9)
Metal excess in binary metal oxide M1+xO2
Oxides with excess of metal contains the metal interstitial atoms. They are formed by transfer
of metal atom from the regular lattice site to the interstitial position. In case of M1+xO2, two
oxygen lattice sites are annihilated. Formation of metal interstitial atom is assisted by release
of oxygen gas, as described by Eq. 8.10. Similar to other point defects, interstitial metal atom
can be ionized (Eq. 8.11).
M×M + 2O
×
O =M
×
i +O2(g). (8.10)
M×i =M
••••
i + 4e
′. (8.11)
Metal deficiency in binary metal oxide M1-xO2
Metal vacancy is a dominating point defect in metal deficient oxides. It is formed along with
the new oxygen lattice sites (which are occupied) in the reaction of the oxide with the oxygen
gas, as described by Eq. 8.12. Similar to the case of oxygen vacancy, metal vacancy can be
ionized (Eq. 8.13) and electronic defects created due to this process can induce the valence
defect of the surrounding metal cation (Eq. 8.14).
O2(g) = V
×
M + 2O
×
O , (8.12)
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V ×M = V
′′
M + 2h
•, (8.13)
V ×M + 2M
×
M = V
′′
M + 2M
•
M . (8.14)
Oxygen excess in binary metal oxide MO2+x
Interstitial oxygen atoms are the dominating defects in case of metal oxides. They are formed
in the reaction of oxide with the oxygen gas as described by Eq. 8.15 without formation of
new lattice sites. Interstitial oxygen atoms can be ionized (Eq. 8.16). Accordingly, holes
can induce the valence defect on the metal cation (Eq. 8.17). As it can be seen, ionized
oxygen vacancies and ionized interstitial oxygen atoms provides the electrons and holes,
respectively, to the system.
1/2O2(g) = O
×
i , (8.15)
1/2O2(g) = O
′′
i + 2h
•, (8.16)
1/2O2(g) + 2M
×
M = O
×
i + 2M
′
M . (8.17)
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Theses of dissertation
1. YMnO3-based metal-insulator-metal (MIM) structures with 100 nm - 300 nm thick
YMnO3 layer exhibit resistive switching (memristive) behaviour.
2. Hexagonal YMnO3 thin films deposited on metal-coated oxide substrate reveal electro-
forming-free unipolar resistive switching (URS). In hexagonal YMnO3-based unipolar
resistive switches, set and reset processes are induced regardless of the bias polarity.
3. In hexagonal YMnO3-based unipolar resistive switches, high resistance state (HRS)
and low resistance state (LRS) written during reset and set process, respectively, are
nonvolatile and stable over the long time (minimum 15 h).
4. In hexagonal YMnO3-based unipolar resistive switches, memory window defined as
the ratio of resistance in HRS to resistance in LRS (ROFF/RON) ranges from 103 to 105,
depending on the properties of YMnO3 such as defect concentration.
5. Low endurance of hexagonal YMnO3-based unipolar resistive switches (below 50 cy-
cles) is attributed to the irreversible deformation of top electrodes (TEs) and modifica-
tion of the YMnO3 layer.
6. Mechanism of observed URS is assigned to the formation and rupture of conductive,
metallic-like filaments within semiconducting YMnO3 matrix, as indicated by the I(R)
and A(R) characteristics where I, R, and A denote junction current, junction resistance
and area of TE, respectively.
7. Formation and rupture of filaments during URS in hexagonal YMnO3-based MIM
junctions correspond to set and reset process, respectively. Set process is triggered
by high electric field whereas reset process by high current.
8. Formation of conductive filaments during set process of hexagonal YMnO3-based unipo-
lar resistive switches is related to the electrostatic discharge phenomena.
9. Electrostatic discharge phenomena is observed as an abrupt light emission from many
randomly distributed points on the top electrode during the set process. Location of
these points correspond to the damaged areas of the junction.
10. Size and density of damages of hexagonal YMnO3-based unipolar resistive switches
induced by URS depends on the polarity of applied bias. In both cases, irreversible
damages affect the TE and YMnO3.
11. Orthorhombic YMnO3 thin films deposited on Nb-doped (100)-oriented SrTiO3 sub-
strate reveal bipolar resistive switching (BRS) after completion of electroforming. In
orthorhombic YMnO3-based bipolar resistive switches, set and reset processes are in-
duced by positive and negative bias, respectively.
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12. In orthorhombic YMnO3-based bipolar resistive switches, memory window ranges
from 101 to 103, depending on the properties of YMnO3 such as defect concentration,
writing voltage, and read-out voltage.
13. YMnO3 thin films deposited on Nb-doped SrTiO3 form pn+-heterojunction where YMnO3
and Nb-doped SrTiO3 is a p-type and n+-type semiconductor, respectively.
14. Mechanism of BRS in orthorhombic YMnO3-based pn+-heterojunctions is assigned
to the combined effects of charge trapping and detrapping, and electro-migration of
charged defects within the depletion layer in YMnO3.
15. Al/amorphous-like YMnO3/SiNx/p-Si junctions exhibit photodetecting properties re-
lated to the ferroelectric-like properties of amorphous-like YMnO3 layer, charge trap-
ping and detrapping in the SiNx insulating layer, and to the photocapacitive phenomena.
Photodetecting properties of YMnO3-based structures are presented as the prospec-
tive additional functionality which can be further developed and implemented in the
YMnO3-based memristive devices such as memristors and memcapacitors.
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